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ABSTRACT 

Rapid industrialization coupled with geochemical alterations pose a major threat to 

environment. The contaminants present in industrial effluents get adsorbed in soils and are 

transported to the soils. To predict contaminant transport through the subsurface accurately, it 

is essential that the important geochemical processes affecting the contaminant transport be 

identified and, perhaps more importantly, accurately mathematically. Among other 

contaminants in the environment, non-degradable persistent trace metals are the most 

problematic one in the present decade; copper is one of the major toxic metals which is 

present in many industrial effluents.  

 

In this study, sorption and transport behaviour of copper in sandy soil have been studied by 

laboratory batch experiments, column experiments and physical transport modelling in a 

laboratory scale aquifer model. Physical and chemical characterization of sandy soil has been 

done by estimating different soil characterization parameters such as grain size distribution, 

hydraulic conductivity, porosity, organic content and so on. Partitioning coefficient has been 

determined by laboratory flow-through (or column) method. Experimental studies have also 

been conducted in both batch and column experiments to assess the effect of different 

environmental conditions [i.e., variation of pH and ionic strength, presence of organic ligands 

(EDTA) in soil] on sorption of copper onto soil. Analytical models STANMOD (Version 2.0) 

that includes CXTFIT (2.0) [Toride et al., 1995] and the Method of Moment (MOM) 

solutions of Das and Kluitenberg (1996) were used to determine the transport parameters of 

the column experiments. A sand tank experiment has been carried out to simulate the 2D flow 

and transport pattern in a laboratory scale aquifer model. The data collected from the 

experiment was used to develop and test a detailed numerical modelling framework for 

simulating copper transport in saturated ground water aquifers.  

 

Results from this study show that sorption behaviour of copper in sandy soil varies with 

different factors like pH, ionic strength, presence of organic matter in soil etc. Effect of pH 

on copper sorption is very strong. With increasing pH the adsorption of copper is increased. 

With increasing ionic strength in the solution the adsorption of copper decreases slightly. 

Presence of organic ligands (i.e. EDTA) exerts strong influence on copper sorption at all pH 

ranges. Langmuir and Freundlich equations were employed to describe the equilibrium 

adsorption isotherms of copper. High regression coefficients (R2) suggest that both Langmuir 
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and Freundlich models are suitable for describing the adsorption behaviour of copper. Second 

order kinetic model can describe the copper adsorption kinetics properly. Intra-particle 

diffusion modeling suggests that the copper adsorption mechanism on sandy soil is 

influenced by boundary layer diffusion at earlier stages and intra-particle diffusion at later 

stages. 

 

Modeling of 1-D copper transport data by CXTFIT model and MOM suggest that both 

models can simulate the observed copper concentration within a significant error limit. The 

calculated partitioning co-efficient (Kd) value of copper from column experiments data is 

found to be dependent on input copper concentration. With increasing input copper 

concentration in the column, the Kd value of copper decrease.  

 
Output results for copper transport through a constructed laboratory level aquifer using 

MODFLOW follows the trend of the concentration profile reasonable well. However, the 

model predicts a high value of the copper in the aqueous phase. The model uses a partitioning 

coefficient for separating the particulate and dissolved phases of copper. In MODFLOW a 

single partitioning coefficient (K
d
) value was used for addressing the sorption phenomenon 

which may not represent the actual system. The reason may be attributed to the phenomenon 

of adsorption of copper on organics and iron oxides or precipitation of copper. 

 

From the model sensitivity analysis it can be seen that the approach of using a constant value 

of Kd for copper throughout the constructed aquifer may not be appropriate. It may be 

inferred both from the column study and the transport model results that the sorption 

coefficient of copper varies inversely with the aqueous concentration of the same. Also, to 

model copper transport through sandy soil it seems appropriate to adopt a segmental 

approach with increasing Kd in both in the vertical and longitudinal directions away from the 

point of injection.   
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CHAPTER 1 

 

INTRODUCTION 
 

1.1 Background 

 

Rapid industrialization coupled with geochemical alterations pose a major threat to 

environment. Pollution of air, soil and water with both organic and inorganic 

materials is a matter of great concern. However, the non-degradable persistent trace 

metals are the most pressing problem of the present decade. They are the most 

insidious pollutants because of their non-biodegradable nature and property to affect 

all forms of ecological systems (Tilzer & Khondker., 1993). The contaminants present 

in industrial effluents get adsorbed in soils and are transported to the ground water 

table and pollute the ground water besides polluting the soils. Heavy metal pollution 

is therefore; of major concern to environment. Owing to the toxicity and ill effects of 

heavy metals on living being, the present day scientists and researchers have 

developed interest in the origin, fate and transport of these elements in the 

environment. Among these heavy metal ions, copper is one of the major toxic metals 

which is present in many industrial effluents. 

 

Copper, a highly reactive metal, which is commonly used in a wide variety of 

industrial process, results in large quantities of this element in their discharge. The 

various potential sources of copper pollution are metallurgical and metal finishing, 

corrosion inhibitors in cooling and boiler systems, drilling mud’s catalysts, primer 

paints, fungicides, copper plating and pickling, corrosion of copper piping, copper 

releases from vehicle brake pads, architectural copper, vehicle fluid leaks and 

dumping, domestic water discharged to storm drains etc. Inhaling high levels of 

copper can cause irritation to the nasal passages, mouth, eyes and throat, and ingesting 

high copper concentrations can lead to nausea, vomiting and diarrhoea. Exposure to 

very high levels can damage the liver and kidneys and may lead to death (Sharma et al., 

2009).  
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The concentration of contaminants in groundwater is determined by the amount and 

nature of contaminant present at the source, rate of release from the source, and a 

number of geochemical processes including aqueous and sorption processes and 

diffusion. Recently, attention has been directed at additional geochemical processes 

that can enhance the transport of certain contaminants: colloid-facilitated transport of 

contaminants. To predict contaminant transport through the subsurface accurately, it 

is essential that the important geochemical processes affecting the contaminant 

transport be identified and, perhaps more importantly, accurately described in a 

mathematically defensible manner (USEPA, 1999).   

 

Dissolution/precipitation and adsorption/desorption collectively called sorption is 

considered the most important processes affecting contaminant interaction with soils 

(Hemond & Fechner-Levy, 1994). Adsorption/desorption will likely be the key process 

controlling contaminant migration in areas where chemical equilibrium exists, such as 

in areas far from the disposal facilities or spill sites. The simplest and most common 

method of estimating contaminant retardation (i.e., the inverse of the relative transport 

rate of a contaminant compared to that of water) is based on partition (or distribution) 

coefficient, Kd values (USEPA, 1999).   

 

In the past, many investigators studied the reactive transport of copper in soil. Periago, 

et.al. (2008) studied kinetics of copper retention in soil. The process of retention and 

release of copper was found to be hysteretic, which suggest that the desorption 

mechanism or path is not an exact opposite of the adsorption mechanism or path. Ma, 

et.al. (2006) studied short-term natural attenuation of copper in soils. They considered 

Effects of time, temperature and soil characteristics. Natural attenuation of metals 

added to soils refers to the processes by which the mobility and bioavailability / 

toxicity of the added metals decline with time. The soil and environmental factors 

governing attenuation rates in soil found to be pH, organic matter content, incubation 

time and temperatures. Thayalakumaran, et.al. (2003) investigated the EDTA-

enhanced remediation of copper contaminated sandy-loam soil of volcanic origin. 

Romkens, et al., (1999) ; Fotovat and Naidu, (1998); Breault, et al., (1996); Reddy, et 

al., (1995); Hogg, et al., (1993); Swift and McLaren, (1991); McGrath, et al., (1988); 

McBride, (1984); Padmanabham ,(1983a); Kuo and Baker, (1980) have worked on 

adsorption desorption characteristics of copper. 
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Since the sorption-desorption phenomenon of copper is complex and highly 

influenced by various environmental parameters, more extensive research is needed in 

this field to understand the sorption behavior of copper under various environmental 

conditions. It is also important to understand the copper movement in the vadose zone 

of the soil, where there is a significant amount of organic matter in the form of root 

exudates in the rhizosphere. These exudates release organic acids, such as humic, 

fulvic, citric and acetic acids, which further affect the geochemistry of metal 

dissolution. 

 

In a USEPA workshop on “Metal fate and transport modeling in streams and 

watersheds” held in Colorado, on February 13-14, 2007, all the experts have agreed 

that the rate of metal transport model development has outpaced supporting data 

collection, primarily due to cost and other resource constraints. Future efforts should 

focus on data collection, as well as controlled experimental studies, designed 

specifically to test, evaluate and better parameterize existing modeling tools (Caruso et 

al., 2008). Experimental control study (i.e., physical modeling) in laboratory on metal 

transport is very important to establish the existing metal fate and transport model and 

for indentifying the prediction accuracy of the existing transports models. 

 

In the context of Bangladesh, copper is one of the contaminant that comes into the soil 

from industrial effluent and other sources. Barduzzaman et al. (1999) studied on 

copper contamination in the sediment column of the Dhanmondi and Ramna Lakes 

and found elevated copper concentration in sediment samples. Ali, et al. (2011) 

reported that Cu concentration in sediment samples collected from different prawn 

farms of Satkhira district were higher than USEPA permissible limit. Saha & Hossain 

(2011) found elevated copper concentration in sediment samples collected from 

Buriganga River. There may be some possibility of leaching this copper from the top 

layer of soil to groundwater. Proper understanding of the reactive transport behavior 

of copper will provide an idea to design efficient remediation techniques. Controlled 

experimental investigation and modeling is needed for better understanding the 

processes leading to copper transport through the soil. 
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1.2 Objectives  

 

The primary objective of the present study is to assess the sorption and transport 

behavior of copper in sandy soil. Specific objective of this study include: 

 

(a) Understanding the sorption kinetics and sorption equilibrium behavior of 

copper by laboratory batch experiments. 

(b) Determination of the partition coefficient (Kd) of copper on sandy soil by 

laboratory column experiment. 

(c) Analysis of column experiment data (1-D solute transport simulation) to 

interpret solute transport with sorption and estimation of different transport 

parameters under controlled conditions. 

(d) Determining the effects of different environmental condition on sorption of 
copper. 
 

(e) Study of the copper transport in a laboratory scale aquifer model and 

verification of this physical transport experiment by using a numerical 

transport modeling software. 

 

The intended research work is aimed at achieving knowledge on various issues related 

to the sorption characteristics of copper and physical and numerical modeling of 

copper transport in sandy soil. The possible outcomes of the proposed study include: 

(i) Understanding the  sorption behavior of copper on sandy soil; (ii) Understanding 

the effects of different environmental condition (pH, ionic strength, organic ligands , 

etc.) on the copper geochemistry ; (iii) Estimation of the partition coefficient of 

copper which can be used for transport modeling of copper (iv) Understanding the 

transport behavior of copper in sandy soil at different hydrodynamic and different 

environmental conditions .  

 

1.3 Organization of the Thesis 

 

Apart from this chapter, the remainder of the thesis has been divided into four 

chapters. Chapter 2 presents literature review concerning sources, uses and health 

concern of copper. This chapter briefly reviews the chemistry of copper in the soil and 

groundwater. There is also a short overview of the theory of non-reactive and reactive 
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transport of contaminant through the subsurface environment. Different modeling 

technique of 1-D solute transport and subsequent transport parameters estimation are 

also discussed in this chapter. 

 

Chapter 3 presents the materials used and methodologies followed to carry out the 

research work. Procedures of the various laboratory experiments conducted for the 

characterization of the sandy soil have been presented in the first article of this 

chapter. These characterization tests were carried out to get the input parameters for 

numerical modeling and also to get a clear idea about the transport media. Details of 

the experimental setups and experimental procedures of laboratory batch experiments 

and laboratory column experiments have been discussed in this chapter.  Description 

of the laboratory scale aquifer model setup and methodology followed to carry out the 

transport experiment using this setup has also been presented in this chapter. Different 

modeling approach used for estimation of the transport parameters from column 

experiment data and description about the numerical modeling of aquifer model 

experiment have also been presented in this chapter. 

  

Chapter 4 presents the results of laboratory experiments intended to assess the 

sorption behavior of copper on sandy soil and effect of various parameters, e.g., pH, 

ionic strength, presence of organic ligands (EDTA) in the soil. Laboratory batch 

experiments, column experiments and laboratory scale aquifer model experiments 

(Sand-tank experiment) were carried out to assess the reactive transport of copper in 

sandy soil. Details on the experimental data and corresponding modeling results have 

been presented in this chapter. Numerical modeling of laboratory scale aquifer model 

experiments have also been presented in this chapter. A comparison between the 

physical modeling and numerical modeling of copper transport has been discussed in 

this chapter. 

 

Finally, chapter 5 presents the major conclusions of the study and also provides 

recommendations for future study. 
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CHAPTER 2 

 

LITERATURE REVIEW 
 

2.1 Introduction 

Copper is a chemical element with the symbol Cu and atomic number 29. It is a 

ductile, semi-precious metal with very high thermal and electrical conductivity.  The 

metal copper and its alloys have been used for thousands of years. Copper (II) ions are 

water-soluble, where they function at low concentration as bacteriostatic substances, 

fungicides, and wood preservatives. In sufficient amounts, they are poisonous to 

higher organisms; at lower concentrations it is an essential trace nutrient to all higher 

plant and animal life. The main areas where copper is found in animals are tissues, 

liver, muscle and bone. Copper forms a rich variety of compounds with oxidation 

states +1 and +2, which are often called cuprous and cupric, respectively (Holleman 

& Wibery , 2001). Copper can be found as either native copper or as part of minerals. 

Copper is present in the Earth's crust at a concentration of about 50 parts per million 

(ppm) (Emsley, 2003).  Most copper is mined or extracted as copper sulfides from 

large open pit mines in porphyry copper deposits that contain 0.4 to 1.0% copper 

(Wikipedia). Copper, like aluminium, is 100% recyclable without any loss of quality 

whether in a raw state or contained in a manufactured product. In volume, copper is 

the third most recycled metal after iron and aluminium. It is estimated that 80% of the 

copper ever mined is still in use today. Copper is an essential trace element in plants 

and animals, but not some microorganisms. The human body contains copper at a 

level of about 1.4 to 2.1 mg per kg of body mass. (www.copper.org/consumers/health). 

So, small amount of copper is essential for plants and animals body but excessive 

amount causes copper toxicity.  

 

This chapter enfolds sources of copper in soil, health concerns, and permissible 

standards for drinking water, soil relating to copper. Also it briefly summarizes the 

chemistry of copper in the soil and groundwater. This chapter then describes briefly 

the groundwater flow and solute transport into the soil. Different modeling 

approaches and transport parameters estimation are briefly discussed. This chapter 
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also reviews the sorption and desorption process of copper into the soil and focuses on 

the some recent research work on the field of fate and transport of copper into the soil. 

 

2.2 Sources of Copper in the Environment 

Copper has been in use at least 10,000 years, but more than 95% of all copper ever 

mined and smelted has been extracted since 1900. As with many natural resources, 

the total amount of copper on Earth is vast (around 1014 tons just in the top kilometer 

of Earth's crust). However, only a tiny fraction of these reserves is economically 

viable, given present-day prices and technologies. 

 

Copper compounds and chelates like ethylene diamine tetraacetic acid (EDTA) are 

widely used in industry and agriculture, and are persistent chemicals in the 

environment. Copper is used in orchards in fungicidal sprays, it is applied to soil with 

sewage sludge, plus it is used, along with chromium and arsenic, as a timber 

preservative. These practices have led to some soils being contaminated with copper. 

The various important sources of copper in the environment are industrial copper use, 

copper pesticides, vehicle fluids leaks and dumping, vehicle brake pads and 

architectural and marine antifouling coatings of copper etc. Out of these industrial 

effluents are the largest (Sharma et al., 2009).   

 

2.3 Health Concerns of Copper 

Copper is an essential trace element that is vital to the health of all living things 

(humans, plants, animals, and microorganisms). In humans, copper is essential to the 

proper functioning of organs and metabolic processes. The human body has complex 

homeostatic mechanisms which attempt to ensure a constant supply of available 

copper, while eliminating excess copper whenever this occurs. However, like all 

essential elements and nutrients, too much or too little nutritional ingestion of copper 

can result in a corresponding condition of copper excess or deficiency in the body, 

each of which has its own unique set of adverse health effects. 

 

Daily dietary standards for copper have been set by various health agencies around 

the world. Standards adopted by some nations recommend different copper intake 

levels for adults, pregnant women, infants, and children, corresponding to the varying 

need for copper during different stages of life. 
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Copper deficiency and toxicity can be either of genetic or non-genetic origin. The 

study of copper’s genetic diseases, which are the focus of intense international 

research activity, has shed insight into how human bodies use copper, and why it is 

important as an essential micronutrient. The studies have also resulted in successful 

treatments for genetic copper excess conditions enabling patients, whose lives were 

once jeopardized, to live long and productive lives. 

 

Researchers specializing in the fields of microbiology, toxicology, nutrition, and 

health risk assessments are working together to define the precise copper levels that 

are required for essentiality, while avoiding deficient or excess copper intakes. 

Results from these studies are expected to be used to fine-tune governmental dietary 

recommendation programs which are designed to help protect public health. 

 

Copper must be absorbed in small amounts on a daily basis to maintain good health. 

However, high levels of copper can be harmful to health. Inhaling high levels can 

cause irritation to the nasal passages, mouth, eyes and throat, and ingesting high 

copper concentrations can lead to nausea, vomiting and diarrhoea. Exposure to very 

high levels can damage the liver and kidneys and may lead to death.  

 

2.4 Drinking Water and Soil Standards Relating to Copper 

According to Environmental Conservation Rule, Bangladesh (ECR 1997), drinking 

water standard for copper in Bangladesh is 1 mg/L. According to the United State 

Environmental Protection Agency (USEPA), permissible value of copper in the soils 

is less than 25 mg/kg of soil. 

 

2.5  Chemistry of Copper 

Copper has an atomic number 29 and atomic mass of 63.55. It belongs to Group I-B 

transition metals. The melting point of copper is 1084.6°C. Copper occurs naturally in 

the cuprous (I, Cu+) and cupric (II, Cu2+) valence states. The first ionization potential 

is 7.72 eV and the second is 20.29 eV. Because the second ionization potential is 

much higher than the first, a variety of stable Cu+ species exist (Parker,1981) .The 

ionization state of copper depends on the physical environment, the solvent, and the 

concentration of ligands present. In solution, copper is present as Cu2+ or complexes 

of this ion. The cuprous ion Cu1+ is unstable in aqueous solutions at concentrations 
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greater than 10-7 M (Krauskopf, 1972). However, in wet soils, Cu1+ is moderately 

stable at typically expected conditions (10-6 to 10-7 M). Under such conditions, 

hydrated Cu1+ would be the dominant copper species (Cotton et.al. 1999). Copper can 

exist as two natural isotopes, 63Cu and 65Cu, with relative abundances of 69.09 and 

30.91%, respectively (Adriano, 1986). In the Earth’s crust, copper is present as stable 

sulfides in minerals rather than silicates or oxides (Krauskopf, 1972). The Cu1+ ion is 

present more commonly in minerals formed at considerable depth, whereas Cu2+ is 

present close to the Earth’s surface (Krauskopf, 1972). 

 

Chelation and complexing govern copper behavior in most soils (Kabata-Pendias 

et.al., 1992). For most agricultural soils, the bioavailability of Cu2+ is controlled by 

adsorption–desorption processes. Variable-charge minerals such as iron, manganese, 

and aluminum oxides can carry varying degrees of positive or negative charges 

depending on soil pH. Therefore, adsorption and desorption of Cu2+ is affected by the 

proportion of these minerals in soils (Yu et.al., 2002). Adsorption of Cu2+ in variable 

charged soils is pH-dependent. Adsorption of Cu2+ in soils is often coupled with 

proton release, thereby lowering soil pH. Organic matter in soils has a strong affinity 

for Cu2+, even at low Cu2+ concentrations. Copper adsorption capacity of a soil 

decreases in the order of concentration of organic matter; Fe, Al, and Mn oxides; clay 

minerals (Yu et.al., 2002).  

 

The solubility of copper minerals follows this progression: CuCO3  > Cu3(OH)2(CO3) 

(azurite) > Cu(OH)2 > Cu2(OH)2CO3 (malachite) > CuO (tenorite) > CuFe2O4 (cupric 

ferrite + soil-Cu). Increasing carbon dioxide concentrations decreases the solubility of 

the carbonate minerals. The solubility of cupric ferrite is influenced by Fe3+ and is not 

much greater than soil copper. Copper will form several sulfate and oxy-sulfate 

minerals; however, these minerals are too soluble in soils and will dissolve to form 

soil-Cu (Lindsay, 2001). Application of rare earth element fertilizers (23.95% 

lanthanum, 41.38% cerium, 4.32% praseodymium, and 13.58% neodymium oxides) 

increased the copper content of water-soluble, exchangeable, carbonate, organic and 

sulfide-bound soil fractions, but not the Fe–Mn oxide-bound form (Wang et.al., 2003). 

 

Copper availability is affected substantially by soil pH, decreasing 99% for each unit 

increase in pH (Mortvedt, 2000). In soil, Cu2+ dominates below pH 7.3, whereas 
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CuOH+ is most common at about pH 7.3 (Mortvedt, 2000). The concentration of total 

soluble copper in the soil solution influences mobility, but the concentration of free 

Cu2+ determines the bioavailability of copper to plants and microorganisms. In an 

aquatic system, Cu2+ is the dominant form below pH 6.9, and Cu(OH)2 dominates 

above that pH. 

 

Copper ions are held very tightly to organic and inorganic soil exchange sites and 

CuOH+ is preferably sorbed over Cu2+ (Kabata & Pendias, 1992). The greatest 

amounts of adsorbed copper exist in iron and manganese oxides (hematite, goethite, 

birnessite), amorphous iron and aluminum hydroxides, and clays (montmorillonite, 

vermiculite, imogolite) (Kabata-Pendias, 1992). Microbial fixation is also important 

in copper binding to soil surfaces (Kabata & Pendias, 1992). Although Cu2+ can be 

reduced to Cu+ ions, copper is not affected by oxidation– reduction reactions that 

occur in most soils (Mortvedt, 2000). In neutral and alkaline soils, CuCO3 is the major 

inorganic form, and its solubility is essentially unaffected by pH (McGrath, 1988).  

 

2.6 Theory of Water and Solute Transport 

Since chemical transport in the soil is coupled with the transport of water, the theory 

of water flow in the soil is discussed first. Then the theory of chemical transport using 

the convective-dispersive approach will be outlined. 

 

2.6.1 Theory of water flow in soil 

Consider the case of a steady-state situation of one-dimensional vertical flow where 

the water flux is constant with depth. That is, the water flux into a given soil volume   

is equal to the water flux leaving this volume. As a consequence, the local water and 

air contents are constant with time. Water will only flow if (i) there is a driving force 

(i .e. a water potential gradient) and (ii) there is hydraulic connection throughout the 

soil volume (i.e. non-zero hydraulic conductivity). 

In saturated porous materials, Darcy’s law describes the water flow as, 

  

w s
dHq K
dz

= −  (2-1) 
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Where qw is the volumetric water flux density [ms-1], Ks is the saturated hydraulic 

Conductivity [ms-1], dH/dz [m m-1] is the driving force, H is the hydraulic potential 

[m] and z is the depth [m]. Here, H is the sum of two component potentials, the 

pressure potential (P) [m] and the gravitational potential (z) [m]. In Eq. (2-1), Ks is 

determined by the geometry of the pore space and by the physical properties of the 

water phase. The flux density qw is also the velocity of the water entering, or exiting a 

soil column. Within the column, water only flows through the water-filled pore space 

with volumetric water content of θ [m3 m-3] and thus has the average vertical velocity, 

wqv
θ

=  
(2-2) 

Where, v is the pore water velocity [ms-1]. In saturated soil, θ equals the porosity less 

the entrapped air. 

 

The geometry of the water phase does not change in a rigid, saturated porous medium. 

However, the soil is usually unsaturated, with part of the pore volume occupied by the 

gas phase. As the pressure potential P becomes more negative, air replaces water first 

in the coarse parts of the pore space, and at successively lower values also in the finer 

pore structures. As a consequence, the geometry of the water phase changes with the 

pressure potential. So, in an unsaturated porous medium the hydraulic conductivity (K) 

is a not a constant, but is a function of the water content. This function is called the 

unsaturated hydraulic conductivity to distinguish it from the saturated hydraulic 

conductivity, which is a constant. In 1910, Buckingham extended Darcy’s law to 

describe the flow in an unsaturated soil. The Darcy-Buckingham equation is 

( )w
dHq K
dz

θ= −  (2-3) 

 
2.6.2  Solute transport in soil 

Two main groups of processes; namely surface and subsurface transport, are 

responsible for chemical transport in and over soils. However, only the subsurface 

transport process is described in this chapter, as it is the process relevant to this study. 

Although there are different approaches to describe solute transport through soils, the 

traditional convective-dispersive approach is used in this study, and so it is outlined, 

in this section. This approach is the most widely used, and has been verified for a 
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wide range of conditions (Vogeler et al., 1998). In its simplest form the interaction 

between the soil-solid phase and the solute is assumed to be negligible, and the solute 

is considered to be conservative with no decay, or production. Conservative and 

nonreactive chemicals are of interest because they trace the flow of the water, which 

is the carrier of all solutes. So the transport of such tracers is described first. However 

copper, and many other pollutants, interact strongly with soil. Therefore the theory for 

the transport of reactive chemicals is also discussed.  

 

2.6.2.1  Non-reactive solute transport in soil 

Before describing solute transport through the soil, it is important to distinguish 

between solute flux-concentrations and solute resident-concentrations. The resident 

concentration (Cr) is the volume-averaged concentration, defined as the mass, or 

number of moles, of solute present in unit volume of soil solution [kg or mol m-3]. It 

represents solute concentration in both the more mobile, and the less-mobile regions 

of the soil solution at a certain time. In contrast, the flux concentration (Cf) is a flux 

averaged concentration [kg or mol m-3], so it represents only the concentration in the 

mobile water, weighted to its relative velocity. Thus Cf is defined as the ratio of solute 

flux density qs [kg or mol m-2s-1] to the water flux density qw [ms-1]. 

 

At the microscopic scale, two fundamental and interacting processes are operating 

during solute transport, molecular diffusion and convection. Molecular diffusion 

occurs in any liquid in response to a concentration gradient. Convection occurs 

whenever there is mass flow of water containing a solute. When convection is the 

only significant transport process and all the water is moving at the same velocity, the 

solute flux density qs is given by, 

s w rq q C=  (2-4) 

  
However, molecular diffusion does inevitably occur, and its effects are usually 

significant. Diffusion of solutes occurs longitudinally in the direction of flow when 

there is a longitudinal concentration gradient. This reduces the steepness of the solute 

concentration gradient. But this is only significant at low velocities. Molecular 

diffusion also occurs in any direction where the resident concentration at any depth is 
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not locally uniform. Fick's first law, modified for soils, describes molecular diffusion 

when the soil solution is stationary as, 

r
s i

Cq D
z

θ ∂
= −

∂  (2-5) 

 

Where, Di is the effective diffusion coefficient in the soil [m2s-1]. The tortuosity effect 

that accounts for the increased diffusive path length in the soil compared to water is 

included in Di. 

If the water flux and resident concentration were locally uniform, solute movement 

would be due to the non-interacting additive effects of convective mass flow of water 

and molecular diffusion. So combining equations (2 -4) and (2 -5), 

r
s w r i

Cq q C D
z

θ ∂
= −

∂  (2-6) 

 
However, in real soil at the microscopic scale, qw is not locally uniform and the 

equation above does not apply. Water, and therefore solute, move much faster in some 

pores than others. Also, as mentioned above, molecular diffusion does not just occur 

in the direction the water is flowing. It occurs in all directions, tending to smooth out 

any local differences in solute concentration induced by different water velocities. 

This complicated interaction between convection and molecular diffusion at the pore 

scale is responsible for a phenomenon called hydrodynamic dispersion. 

Mathematically, hydrodynamic dispersion can usually be described as a diffusion-like 

process, so the total solute flux is given by 

r
s w r h

Cq q C D
z

θ ∂
= −

∂  (2-7) 

 
Where Dh is the hydrodynamic dispersion coefficient [m2s-1]. 

 

To obtain the Convection Dispersion Equation (CDE), the mass conservation law for 

solute is considered in combination with the above flux law, equation (2-7). The 

general form of the mass conservation law is given by, 
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sqM S
t z

∂∂
= − +

∂ ∂  (2-8) 

  
Where, M is the total amount of solute per a unit volume of soil [kg or mol m-3] at the 

depth and time of interest, and S is a source/sink term [kg or mol m-3 s-I]. Combining 

the solute flux equation (2-7) with the mass conservation equation (2-8) yields the 

CDE. For conservative non-reactive solutes, M = θCr so, 

( ) ( ) ( )r r
h w r

C CD q C S
t z z z

θ θ∂ ∂∂ ∂
= − +

∂ ∂ ∂ ∂  (2-9) 

  
Under steady-state water flow conditions, and with no sink/source terms, this equation 

reduces to (van Genuchten, 1981; Kutilek and Nielsen, 1994). 

 

2

2
r r r

h
C C CD v
t z z

∂ ∂ ∂
= −

∂ ∂ ∂  
(2-10) 

 
Where, equation (2-2) is used to relate θ, qw and v. 

 

Unless the solute is moving very slowly, Dh is much greater than Di, and has often 

been found to be approximately linearly related to v. Thus 

hD vλ=  (2-11) 

Where, the proportionality constant λ [mm] is called the dispersivity.  
 

By incorporating equation (2-11), equation (2-10) can be rewritten in dimensionless 

form as 
2

2

( / ) ( / ) ( / )r c r c r cC C C C C C
T Z Z

∂ ∂ ∂
= −

∂ ∂ ∂
 (2-12) 

  
Where, T=v(t/zc), Z=z/zc; zc is characteristic length and Cc is a characteristic 

concentration. Commonly zc is taken as the column length for laboratory studies, or 

the depth of interest in field studies. Here, T then equals the number of liquid filled 

pore volumes to have exited the column, or passed depth zc at a time t. Further, Cc is 
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usually taken as the concentration applied (C0) in laboratory miscible displacement 

experiments. 

 

The analytical solutions of the dimensionless form of the CDE, for a range of 

boundary conditions, have shed light on the basic phenomena characterizing solute 

movement in soil. The effects of these phenomena can be illustrated by drawing an 

elution, or breakthrough curve. When a solution containing a solute of concentration 

C0 is applied at a steady rate to a column of solute-free soil, and the effluent collected 

and analyzed, the fraction of this solute in the effluent at time t can be calculated as Cf 

/C0. Plots of Cf /C0 vs. T, are commonly called breakthrough curves (BTC). If piston 

displacement had occurred, no mixing would have taken place between the displacing 

and displaced solutions, resulting in a step function for the BTC. A sigmoidal-shaped 

BTC indicates some mixing. A shift of the curve to the left indicates exclusion of the 

solute, or bypass flow excluding a significant portion of the soil solution. A shift of 

the curve to the right indicates adsorption or solute retention by the soil. Figure 2-1 

illustrates these behaviors. 

 
Figure 2.1: Breakthrough curves for piston flow, non-reactive solutes, adsorbed 
solutes, and with anion exclusion. The characteristic length zc, is the length of the 
column (L). 
 

2.6.2.2  Reactive Solute Transport in Soil 

So far, the theory described has centered on solutes which do not react with the soil 

solids. Solutes usually considered non-reactive with soil are nitrate, chloride and 
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bromide, though adsorption or exclusion of all these solutes in soil has been observed 

to some extent, depending on the chemical properties of the soil (Biggar & Nielsen, 

1962; 

Krupp et al., 1972; Duwig et al., 2000). Most chemicals of environmental interest, 

including copper, are subject to chemical or biological reactions during transport 

through the soil. Both anions and cations are subject to reactions with the soil solid 

phase. These reactions include cation exchange, adsorption-desorption, and chemical 

precipitation-dissolution reactions. The basic CDE presented in equation (2-10), can 

be modified to include the processes involved. Microbial transformation reactions of 

these solutes will not be discussed here. 

 

A reactive chemical is present in two phases, on the adsorbate (soil) where there is say 

concentration is Ss [mol kg-I], and in the soil solution where the concentration is Cr. 

Thus, 

b s rM S Cρ θ= +  (2-13) 

 

Where, ρb is the bulk density of the soil [kg m-3]. The CDE, with an additional term to 
account for this adsorption reaction, then becomes 
 

2
b sr r r

h
SC C CD v

t z z t
ρ
θ

∂∂ ∂ ∂
= − −

∂ ∂ ∂ ∂  
(2-14) 

  

The expression sS
t

∂
∂

 represents the rate of adsorption or desorption by the soil, which 

can be described in a number of ways. 

 

Often adsorption is assumed to be instantaneous, as equilibrium is assumed between 

the solute in soil solution and the adsorbate. A curve relating the amount of solute 

adsorbed per unit mass of dry solids to the solute concentration in the soil solution is 

called an adsorption isotherm. If the isotherm is linear, its slope is called the 

distribution constant, Kd [m3 kg-I]. The simplest, equilibrium adsorption isotherm is a 

straight line through the origin. This implies adsorption is instantaneous, reversible, 

and proportional to the solution concentration. For such an adsorption isotherm, 



 17

s d rS K C=  (2-15) 

  
But realistically, there is a limit to the amount of solute any soil can adsorb. So the 

concentration range over which it is approximately linear is limited. The most 

commonly-used non-linear isotherms are the Freundlich and Langmuir equations. The 

Freundlich equation is, 

  
n

s rS aC=  (2-16) 

 
Where, a and n are specific constants for the soil and solute. The Langmuir equation 

is given by 

1
r

s
r

abCS
aC

=
+  (2-17) 

 
 

Where, a is a constant relating to the bonding energy and b the adsorption maximum 

capacity, when the adsorbent is completely saturated. 

 

The CDE is often written with a retardation factor for the adsorption occurring in it, 

  
2

2
r r r

h
C C CR D v
t z z

∂ ∂ ∂
= −

∂ ∂ ∂  (2-18) 

Where, dimensionless retardation factor R is given by 

1 b dKR ρ
θ

= +  (2-19) 

  
In dimensionless form equation (2 -18) becomes 

2

2
r r rC C CR

T Z Z
∂ ∂ ∂

= −
∂ ∂ ∂  (2-20) 
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With considering all reaction the terms [adsorption(R), degradation (λ) and production 

(γ)] we can write 1-D CDE for reactive solute transport by the following equation: 

2

2
( )

C C C
R D V C z
t zz

λ γ
∂ ∂ ∂

= − − +
∂ ∂∂  (2-21) 

  
The effect of adsorption is to retard or delay the rate of solute movement by the factor 

R.  Dispersion is also effectively reduced by the same factor R. This means that an 

adsorbed solute will take R times longer than a non-adsorbed solute to travel a given 

distance. 

 

Although the simplistic concept of reversible equilibrium sorption has successfully 

described some experimental data, there is increasing evidence that this assumption is 

not always valid (Wagenet and Chen, 1998). For several heavy metals, including 

copper, retention and release reactions in the soil solution have been observed to be 

strongly time-dependent. As a result, kinetic adsorption models, where the amount of 

solute adsorption is a function of contact time have been introduced. 

 

One of the earliest chemical non-equilibrium models is the kinetic one-adsorption site 

model (van Genuchten et al., 1974). Later Selim et al., (1976) and Cameron and Klute, 

(1977) developed two-adsorption site models. The two sites are those which appear to 

adsorb, or react, with solutes rapidly or effectively instantaneously. Those, which 

appear to react more slowly, result in a kinetic reaction. However, real soils contain 

many different sportive components that may react with solute at a wide range of rates. 

Amacher et al., (1988) and Selim et al., (1989) showed that multi –reaction retention 

models could better describe the slow and tailed release profile of heavy metals. More 

recently, a chemical non-equilibrium model with a maximum adsorption capacity (a 

second-order reaction model) has been proposed by Selim and Amacher (1988). This 

was later modified by Ma and Selim (1994). This multi-reaction approach is more 

comprehensive than the ones described earlier. However, it is difficult to determine 

independently the appropriate kinetic parameters; hence they are usually estimated by 

curve fitting to the experimental results. 

 

Past researches have shown discrepancies between sorption isotherms obtained from 

batch and column leaching experiments. Bajracharya et al. (1996) compared Kd 
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sorption measured in batch and flow experiments and they found that the batch 

determined partition coefficients determined from batch experiments were 60-80% 

higher than those determined by column experiments conducted at various flow rates. 

Plassard et al. (2000) also reported a lower retention of Cd, Pb and Zn in column 

leaching studies compared to batch studies.  

 

2.7 Solution of the Transport Equation 

2.7.1  Temporal moment solution for transport parameter estimation 

The method of temporal moments (simply, MOM) is often used for analyzing 

concentration breakthrough curves (BTCs) in contaminant transport studies. The 

MOM may be used to estimate the parameters of a contaminant transport model by 

comparing the moments of concentration breakthrough data with the theoretical 

moments predicted using the model. These theoretical moments may be derived using 

a Laplace transformed version of the model (Kucˇera, 1965; Cho, 1971; Valocchi, 

1985). The MOM is convenient to use as there is no need to solve the transport model 

in real time and space (only the Laplace solution is required) and depending on the 

complexity of the transport model and the number of model parameters that are 

needed, only the zeroth, first and second moment solutions are necessary. The MOM 

is commonly used to estimate pore-water velocities and dispersion coefficients for 

laboratory column BTC data for conservative tracers (Maloszewski et al., 1994; Pang 

et al., 1998; Yu et al., 1999), and retardation factors for sorbing solutes under both 

equilibrium and non-equilibrium transport conditions (Jacobsen et al., 1992; Ptak and 

Schmid, 1996; Rubin et al., 1997).  

  

The nth temporal moment of a concentration distribution at a location, x, is defined as 

(Kucera, 1965; Valocchi, 1985): 

0

( , )n
n
M t c x t dt

∞

= ∫  (2-22) 

 
  

 
And the nth normalized moment of the distribution is defined as:   
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0

0
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( , )
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n
n

t c x t dt
M

M
c x t dt

µ

∞

∞
= =

∫

∫  
(2-23) 

  
The experimental moments in the Eq. (2-23) can be calculated from the BTCs using 

the following trapezoidal rule.  

1 1 1
2

1 1
2

0.5( )( )

0.5( )( )

m
n n
i i i i i i

i
n m

i i i i
i

T c T c T T

c c T T

µ
− − −

=

− −
=

+ −
=

+ −

∑

∑  
(2-24) 

 
 
Where, m is the total number of observed data point, Ti and ci is the ith time and 

concentration observation respectively. 

Das and Kluitenberg (1996) derived the theoretical zeroth and first temporal moments 

using a Laplace-transformed version of the following partial differential equation 

(Toride et.al. 1995): 

 
2

2

c c c
R D V c
t xx

λ
∂ ∂ ∂

= − −
∂ ∂∂  (2-25) 

 
  
Where c is the contaminant concentration (M/L3), D is the dispersion coefficient 

(L2/T), R is the retardation factor, V is the average pore-water velocity (L/T), x is the 

longitudinal distance (L), t is the time (T) and λ is a combined first-order degradation 

rate constant (T-1) that accounts for degradation of solute in both liquid and solid 

phases.  

 
Das and Kluitenberg (1996) derived the following theoretical zeroth and first 

moments using Laplace-transformed version of the transport model Eq. (2-25) 

0 0 0 2

4
c exp[ (1 1 )]

2

Vx D
M t

D V

λ
= − +  

(2-26) 
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1 0
1 2

0
2 4

M t xR

M V D
µ

λ
= = +

+  (2-27) 

  
By setting the experimentally determined moments equal to the theoretical moments, 

we can estimate the degradation rate and retardation factor, as follows: 

2
20

0 0

2
[(1 ln ) 1]

4

MV D

D xV c t
λ = − −  (2-28) 

 
2

1 0( 0.5 ) 4t V DR
x

µ λ− +
=  

(2-29) 

 
Where, M0 and µ1 are as defined in Eqs. (2-22) and (2-23).  
  
The pore-water velocity (V) and dispersion coefficient (D) must be known in order to 

calculate λ and R from Eqs. (2-28) and (2-29). These parameters can be obtained 

using the experimentally determined moments of the concentration BTC of a 

nonreactive tracer. Since R = 1 and λ = 0 for a nonreactive traced, we can use Eq. (2-

29) to calculate V from first moment of tracer breakthrough data: 

1 0
0.5

x
V

tµ
=

−  
(2-30) 

  
The dispersion coefficient can also be independently determined using the first and 

second moments of a nonreactive traced BTC by applying the following formula (Leij 

and Dane, 1992; Young and Ball, 2000): 

3
2 0

2 1
( )

2 12

tV
D

x
µ µ= − −  

(2-31) 

 
Following Valocchi (1985) and Goltz and Roberts (1987), we could define the 

contaminant effective velocity, Vc, calculated from the first moment of a breakthrough 

curve obtained at location x, as x/ µ1.We can then use Eq. (2-29) to determine that 

effective velocity of a sorbing, degrading contaminant that is instantaneously injected 

into the medium (t0 = 0) is : 
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4
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R

λ
µ

+
= =

 
(2-32) 

 
2.7.2  CXTFIT Program 

The program CXTFIT 2.0 can be used to estimate parameters in several models 

(deterministic equilibrium CDE, deterministic non-equilibrium CDE, stochastic 

equilibrium/non-equilibrium CDE) for transport during steady one-dimensional flow 

by fitting the parameters to observed laboratory or field solute transport data. The 

assumptions are steady state flow in a homogeneous soi1 with instantaneous 

equilibrium.  The inverse problem is solved by minimizing an objective function that 

consists of the sum of the squared differences between observed and fitted 

concentrations.  The objective function is minimized using a nonlinear least-squares 

inversion method according to Marquardt [1963]. CXTFIT 2.0 is an extension and 

update of earlier versions published over years ago by van Genuchten [1979, 1981], 

Parker and van Genuchten [1984b] and Toride et al. [1995].  CXTFIT, version 2.0, as 

before, uses the convection-dispersion equation, but with a larger number of 

analytical solutions to various initial, boundary, and production value problems.   

 

CXTFIT fits the appropriate analytical solutions of Eq. (2-21) to the measured BTC. 

Two types of concentration modes have been defined, resident and flux. Resident 

concentration is volume averaged and is the pore-water concentration. It is obtained 

from lysimeters or from cores and is a static concentration. Flux-averaged 

concentration is defined as the ratio of solute and water fluxes and is usually obtained 

from effluent outflow. The solute adsorption is described with a linear adsorption 

isotherm. Retardation factor (R) is used to express the uptake of a reactive solute. 

 

The equilibrium model is the simpler than other two models and has six parameters 

out of which five may be fitted. These parameters are pore water velocity (V) 

dispersion coefficient (D), retardation factor (R), duration of pulse (T0), decay 

coefficient (λ or µ) and a production term (γ).  For a measured BTC, V, and T0, are 

always known and can be measured. Depending on the type of solutes being modeled, 

λ and γ may be zero. That leaves only two terms to be determined, D and R. These 

two parameters are usually the most important parameters to describe the solute 
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transport in a column. The non-equilibrium model has two additional parameters to be 

fitted along those required for the equilibrium model. These are β (dimensionless 

variable which describes the partitioning in the non-equilibrium model) and ω 

(dimensionless mass transfer coefficient).  

 

A value of unity for R indicates the solute is non-reactive. Usually to model reactive 

solutes in a column a tracer is first modeled (R = l) thus fitting only D. The value of 

the fitted D is used subsequently as a first estimate to model the reactive solute. R is 

the fitted parameter and its value represents the amount by which the solute is 

retarded compared to the tracer. To evaluate the quality of the fit two parameters are 

reported in the output file. SSQ (sum of squared residuals) is the square of the 

differences between the fitted and observed concentrations. The smaller this numbers 

the better the fit. The goodness of fit, r2 is the regression of observed versus fitted 

concentrations. A value of r2 close to unity indicates a good fit while values close to 

zero indicate a poor representation of the data by the selected model. Another 

parameter to assess the reliability of the parameter estimation is the covariance 

matrix. 

 

2.8 Surface Complexation Modeling 

Surface complexation is a thermodynamically based approach for describing 

adsorption in which solutes interact with functional groups on the surface either 

through ion pair association or solute-functional group complexation. In addition, 

these models also incorporate a description of the electrical double layer (EDL) 

surrounding the particle and this description is used to modify the activity coefficients 

for each surface species (Davis and Leckie, 1979; Goldberg, 1992). In the surface 

complexation paradigm, protons and metal ions undergo reactions with surface 

functional groups leading to the development of surface charge. The proton is 

understood to be a potential-determining ion at the mineral water interface of oxide 

surfaces and is associated with the development of surface acidity. 

 

 In surface complexation, two reactions are frequently used to describe surface acidity 

as shown in the following equations: 
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(2-33) 

 (2-34) 

 

In many SCMs, metal ions can form inner-sphere or outer-sphere surface complexes 

with surface functional groups. Inner-sphere complexes are formed when no water of 

hydration resides between the adsorbed ion and the reactive surface. If at least one 

water molecule is intercalated between the adsorbed ion and the reactive surface, the 

complex formed is termed an outer sphere complex (Manning et al., 1998). The 

formation of inner- and outer-sphere surface complexes occurs through reactions 

between surface hydroxyls (≡SOH) and sorbing ions (e.g., Me2+). 

 

Surface complexation models (SCMs) incorporate surface and aqueous complexation 

reactions as well as the electric double layer theory (EDL) for describing metal 

adsorption onto mineral surfaces (Davis et al., 1978; Davis and Kent, 1990; Davis and 

Leckie, 1978; Dzombak and Morel, 1986). The major challenges associated with 

SCM development have included the following: 1) formulating the types and reaction 

stoichiometry of surface complexes, 2) developing a strategy for parameter estimation 

of SCMs, and 3) adequately describing the electrical double layer (EDL). To 

appropriately select surface reactions and stoichiometry, the surface species and their 

controlling reaction processes must be known (or less preferably, assumed). Recent 

advances in spectroscopic tools (such as X-ray absorption spectroscopy, XAS) for 

identifying surface complexes have helped to understand the structure of surface 

complexes formed, and consequently, increased the level of confidence in selecting 

the proper surface. Some commonly used surface complexation models are Diffuse 

Layer Model (DLM), Constant Capacitance Model (CCM), Triple Layer Model (TLM) 

and Charge Distribution - Multisite Complexation Model (CD-MUSIC). 

 

The DLM is considered one of the simplest electrostatic models, since it needs only 

four parameters for its description, viz., two surface acidity constants, the binding 

constant for the adsorbing metal (KMe), and the number of surface sites (Ns). In this 

model, all the ions are adsorbed within the surface plane as coordination complexes 

and only the formation of inner-sphere complexes is allowed. The Constant 



 25

Capacitance Model (CCM) assumes that a layer of constant capacitance isolates the 

bulk solution from the charged surface sites. Therefore, an additional fitting term 

called the capacitance of the sorption layer (C1) is required. Davis and coworkers 

(Davis et al., 1978; Davis and Leckie, 1978; Davis and Leckie, 1980) developed the 

original Triple Layer Model (TLM) as an expansion of the model elaborated by Yates 

et al. (1974) and designated a site-binding model. The TLM assumed that all ligands 

and metals adsorbed onto the mineral surface via outer-sphere complexes. Only 

adsorption of hydroxyls (OH-) and protons (H+) formed inner-sphere complexes. As a 

consequence, at least one water molecule was present between the metal ion (or 

ligand) and the surface functional group (Davis et al., 1978). The Charge Distribution 

- Multisite Complexation Model (CD-MUSIC) utilizes crystallographic data for the 

adsorbent  and the assumption that surface complexes have a spatial charge spreading 

in the interfacial zone .The CD-MUSIC model considers surface heterogeneity and 

correlates it to the surface structure of each crystal face of the adsorbent. The model 

has been applied successfully to predict proton affinities of individual surface groups 

of crystal materials such as goethite, hematite, and lepidocrocite .The major drawback 

of using this model is that it can only be applied to adsorbents with known 

crystallographic structures, which is not the case for amorphous materials such as 

ferrihydrite. 

 

The complexity of SCMs varies among the models according to their capability for 

predicting adsorption over a wide range of conditions. For example, the DLM needs 

only four parameters for its description, but only the formation of inner-sphere 

complexes is allowed. The CCM, requires five parameters to describe metal ion 

adsorption, but it can be used only for high constant ionic strength systems. 

Analogous to the DLM, the CCM describes adsorption of inner-sphere complexes. On 

the other hand, the TLM needs eight parameters to describe metal ion adsorption. 

However, this model can be used in systems with variable ionic strength and allows 

for the formation of inner- and outer-sphere surface complexes. In addition to the 

TLM features, the CD-MUSIC model can consider different adsorption surface planes 

and in the simplest case, eight parameters are required to model ion adsorption. 

 

2.9 Sorption and Desorption Process of Copper 

Copper can occur in many different forms in soils (McLaren and Crawford, 1973a & 
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1973b): in the soil solution, both as a cation and in a complex. It is now generally 

accepted that the soil solution concentration of copper, and hence its availability, is 

mainly controlled by sorption desorption reactions (Wu et al., 1999). Therefore these 

two processes are discussed below. 

 

Copper is mainly adsorbed by sites other than 'normal cation exchange' ones. At such 

sites, copper is adsorbed by soil colloids in amounts in excess of their conventional 

exchange capacities. Adsorption of copper by colloids that takes place when the 

normal cation exchange sites are saturated with major nutrients cations, has been 

termed specific adsorption (McLaren and Crawford, 1973b). If a relatively small 

amount of copper is added to soil, it is specifically adsorbed and tightly bound to 

high-energy sites. When more copper than this is added, these sites may be expected 

to fill preferentially, with the excess copper being retained by lower energy sites, and 

thus is more readily available for other reactions (Lehmann and Harter, 1984). 

 

Organic matter (humic and fulvic acids), silicate clay minerals (montmorillonite, 

kaolinite, illite, etc.), and the amorphous oxides of Fe and Mn, are the constituents 

responsible for the sorption of copper in soils (Wu et al., 1999). The relative 

contribution of these soil fractions to sorb copper varies, depending on the amount of 

these constituents, the soil type and its solution composition. McLaren and Crawford 

(1973b) reported the copper adsorption hierarchy in soil as manganese oxides > 

organic matter > iron oxides > clay minerals. However, Bibak (1997) have shown the 

order as Al oxides > crystalline Fe oxides > organic matter > clay silicates. McLaren 

and Crawford (1973b) also indicated that the gross contribution of soil constituents 

that show a weak adsorption, but are abundant, can override those of others 

constituents that adsorb strongly but are present in smaller amounts. In a 

heterogeneous soil the constituents may interact, and hence change the level of 

adsorption that would occur if they were present alone. Cavallaro and McBride (1984) 

also found that the treatment of the soil clays to remove of organics tended to enhance 

the sorption of copper. They attributed this behavior to the dominance of oxides 

compared to organic component as copper sorbing constituents. 

 

In a heterogeneous and dynamic system such as soil, several interacting factors 

determine the nature and extent of retention reactions for copper. Not only the amount 
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and nature of the sorbent affect the retention processes, but also a range of other 

factors such as pH, dissolved organic carbon (DOC), the ionic strength of soil solution, 

the presence of inorganic ligands, the effect of competing ions, and the age of 

contamination. 

 

2.10 Factors Affecting Sorption of Copper 

Soil solution composition and characteristics such as pH, DOC, and the presence of 

ligands and other cations influence the interactions of copper with soil constituents. 

As Rbmkens et al. (1999) indicated, no single relation exists between parameters like 

pH, total copper content, DOC and the copper availability in the soil solution as these 

factors interact. While it is difficult to isolate the individual effects of various factors 

influencing copper sorption, some researchers have been able to develop relations 

which can describe the influence of the individual factors. 

 

A decreasing pH leads to an increase of trace metals in solution according to the 

reaction 
2 22 2s o i l s o i lM e H H M e+ + + +⎯ ⎯→+ +← ⎯⎯  (2-35) 

 
Where, Me2+

soil is the metal ion adsorbed to soil, and Me2+ is metal ion in solution. A 

large body of literature has established that soil solution pH has the most critical 

influence on the sorption-desorption of metals. Several studies have indicated that the 

proportion of the total labile copper in the soil that could be desorbed readily was 

strongly influenced by pH.  Padmanabham (1983a) and Hogg et al. (1993) showed 

that below pH 6.5 desorption increased with decreasing pH. Similarly, Cavallaro and 

McBride (1984), McGrath et al. (1988) and Reddy et al. (1995) reported that the 

proportion of copper present in the soil solution as Cu2+ increased as pH decreased. 

Therefore, toxicity of copper occurs most commonly in acid soils, and is most likely 

to occur in unbuffered soils exhibiting a small CEC (Gupta and Aten, 1993). In some 

studies copper availability has been shown to increase at both low and high pH values 

(Swift and McLaren, 1991; Hogg et al., 1993). Apart from the direct effect of pH, by 

competitive proton sorption, on the copper availability, pH also affects processes like 

precipitation-dissolution reactions and metal complexation by humic materials that 

lead to changes in copper availability. 
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One of the major pathways by which copper can be solubilized and mobilized in soils 

is through organic complexation with dissolved organic matter, or DOC. When DOC 

is present in the soil solution; copper makes stable complexes with DOC through 

organo-mineral complexation reactions at near neutral pH (Romkens et al., 1999) and 

in alkaline sodic soils (Fotovat and Naidu, 1998). Over a pH range from 4.5 to 6.0, 95% 

of the dissolved copper was found to be bound to DOC (Breault et al., 1996). Changes 

in the DOC concentration, therefore, have a strong impact on the solubility of copper 

in soils with copper being more soluble at high DOC levels. Heavy metal cation 

complexation with a variety of inorganic ligands has also been recognized. But for 

copper, organic complexation is likely to be more significant in soils. 

 

Competition with other cations in the soil solution can have a marked effect on ion 

sorption by soils. However, copper has been found to be selectively sorbed by soi1. 

Kuo and Baker (1980) showed that copper preferentially sorbs over Zn and Cd. 

Similarly, Harter (1992) reported that copper was sorbed selectively by soil 

constituents from a 0.5 mol m-3 solution containing Co and Ni at a near-neutral pH. 

Gomes et al. (2001) reported the selectivity sequence of metals in a competitive 

system as Cr > Pb > Cu > Cd > Zn > Ni, and they indicated that Cr, Pb and Cu were 

the heavy-metal cations most strongly adsorbed by soils with different chemical and 

minerological characteristics.  

 

Desorption of sorbed copper from soil is probably more relevant than adsorption for 

assessment of its mobility and its potential adverse impact on the environment. 

However, the desorption kinetics of copper in soils are not understood well (Hogg et 

al., 1993). Of the few desorption studies reported in the literature, most have 

examined desorption from individual soil components (McLaren et al., 1983), except 

the study reported by Lehmann and Harter (1984) who examined the desorption 

kinetics of copper applied to intact soil. 

 

As with adsorption, desorption is also affected by several soil and soil solution factors. 

However the amount of copper that can be readily desorbed from soil is usually very 

small, as sorption of copper by a range of soil components has been shown to be 

largely kinetic with a slow release and /or to be irreversible (McLaren et al., 1983; 

Padmanabham, 1983a, b; Ghestem and Bermond, 1998). Adsorption-desorption 
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isotherms indicate that the amount of irreversibility (hysteresis) increases with longer 

sorption incubation times. Hogg et al. (1993) reported < 8.5% of added copper 

desorbed after an initial contact period between the copper, and the soil of 24 hours. 

However there was a further substantial decrease in the proportion of copper desorbed 

when the contact period increased to 12 weeks. The same authors suggested that, with 

increased time of sorption, there is a slow redistribution of copper ions to more 

strongly bound or less accessible sites. This possibly involved diffusion into 

extremely small pores and interparticle spaces. 

 

Scientists have quantified the retention of copper in soils using two contrasting 

approaches. One represents equilibrium reactions using Langmuir or Freundlich 

models (McLaren et al., 1983; Amacher et al., 1986; Atanassova, 1995), while the 

second approach assumes kinetic or time-dependent type reactions (Aringhieri et al., 

1985). Hogg et al. (1993) provided more evidence for the existence of slow reactions 

between added copper and soil. These reactions gradually reduce the ability of the 

copper to desorb back into the soil solution. The failure of equilibrium models to 

describe copper adsorption-desorption paved the way for approaches such as the two 

site equilibrium kinetic model (Selim et al., 1976), multi-reaction models, and more 

recently the second order two-site model (Selim and Ma, 2001). The basis of the multi 

site approach is that the soil’s solid phase is made up of different constituents (soil 

minerals, organic matter, iron and aluminium oxides), and that a solute species is 

likely to react with the various constituents via different mechanisms (Amacher et al., 

1988), and at different rates (Hinz et al., 1994). Specifically, all these studies assume 

that a fraction of the total adsorption sites is kinetically controlled, whereas the 

remaining fraction interacts instantaneously with the solute in the soil solution. 

However, some assume the irreversible reactions are concurrent, while others assume 

a consecutive sequence of reactions 

 

In field soils, both kinetics of chemical adsorption-desorption reactions and transport 

processes occur simultaneously. Therefore both the soil solid and solution phase 

composition, and the hydrological process, affect the transport of copper. 
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2.11 Summary 

Several research works have been carried out in the past on adsorption desorption 

characteristics of Copper (Romkens et al., 1999; Fotovat and Naidu, 1998; Breault et 

al., 1996; Reddy et al., 1995; Hogg et al., 1993; Swift and McLaren, 1991; McGrath 

et al., 1988; McBride, 1984; Padmanabham 1983a; Kuo and Baker 1980). From the 

literature survey, it is very clear that transport of Copper through the soil is reactive 

transport and its mostly depends on the particular environmental condition such as pH, 

presence of DOC or organic and inorganic ligands, different oxides of Fe, Mn and so 

on. It is very important to carry out research works for better understanding of 

sorption characteristics of copper on different environmental condition. The 

combination of physical and numerical modeling of copper transport through sandy 

soil will provide more realistic view of transport behavior of copper. The knowledge 

of this study will be helpful for estimation of transport parameter (Kd, D) in the future 

field scale modeling.  

 

  

 

 



 31

Chapter 3 

 

METHODOLOGY AND MATERIALS 
3.1       Introduction 

Transport of any contaminant largely depends on the physical and chemical properties 

of transport media. Bulk density (ρb), hydraulic conductivity (K), porosity (n), size of 

the particle etc. are essential physical parameters for characterizing a transport media. 

Organic content, initial copper content and iron content in the soil also play important 

role in contaminant transport modeling. 

  

In this study, sandy soil was used as a transport media. Physical and chemical 

characterization of sandy soil has been done by estimating different soil 

characterization parameters. Sorption characteristics of copper on sandy soil have 

been assessed by batch experiments and column experiments. Partitioning coefficient 

has been determined in laboratory flow-through (or column) method. Experimental 

studies also have been conducted in both batch and column experiment method to 

assess the effect of different environmental conditions (i.e., variation of pH and ionic 

strength, presence of organic ligands (EDTA) in soil) on sorption of copper on soil. A 

sand tank experiment has been carried out to simulate the 2D flow and transport 

pattern in a laboratory scale aquifer model. The main objective of this sand tank 

experiment was to obtain quantitative data on transport behavior of copper in the 

saturated zone of a soil. The data collected from the experiment was used to develop 

and test a numerical model for simulating copper transport in a saturated portion of an 

aquifer. The sand tank was designed in such a way that the resulting data and 

boundary conditions could be easily applied to a finite difference or finite element 

computer mode1 for verification and application. 

 

3.2 Characterization of Sandy Soil 

3.2.1 Grain size 

Medium size sandy soil was used in this study as a transport media. The maximum 

grain size of the sandy soil was less than 2 mm. By visual observation, the sand grain 

was mostly angular to sub-rounded. To obtain the grain size distribution, three soil 
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specimens were taken. Sieve analysis was done with 500 gm soil sample. Vibrator 

was used for sieving the sand sample. After sieving the sand, weight was taken for 

determining materials retained on different sieves as per specification ASTM C136. 

Different grain size parameters (D10, D30, D50, D60, FM, Cu, and Cc) were determined 

from the sieve analysis data. 

 

3.2.2 Hydraulic conductivity  

Hydraulic conductivity (K) defines the rate of movement of water through a porous 

medium such as a soil or aquifer. It is the constant of proportionality in Darcy’s Law 

and as such is defined as the flow volume per unit cross-sectional area of porous 

medium under the influence of a unit hydraulic gradient. The saturated hydraulic 

conductivity (Ks) of the sand samples were determined by conducting falling head 

permeability tests (ASTM D 698-91). Six samples were tested under different density 

conditions.  

 

Before starting the flow measurements, the soil sample was saturated and the 

standpipes were filled with de-aired water to a given level. The test then started by 

allowing water to flow through the sample until the water in the standpipe reached a 

given lower limit. The time required for the water in the standpipe to drop from the 

upper to the lower level was recorded. The standpipe was refilled and the test was 

repeated for three times for each density condition. The recorded time was kept same 

for each tests within an allowable variation of about 10% otherwise the test was 

considered as failed. Test was conducted at laboratory room temperature (28°C) but, 

result was reported at 20°C, which is the standard temperature for reporting hydraulic 

conductivity. 

 

3.2.3 Maximum and minimum density 

Maximum-minimum density of sand or limit density values are important physical 

properties which provide a more complete description of sands, and they are required 

when evaluating relative density of soils.  

 

In this study, minimum density was determined by pouring from funnel method 

(ASTM D4254). The mould was weighed accurately (W). The internal diameter of the 

mold was 152 mm and the height was 155mm. The dry soil was poured into the 
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mould through a funnel in a steady stream. The spout was adjusted so that the free fall 

of soil particle is always 25 mm. While pouring soil the spout must have a spiral 

motion from the rim to the centre. The process was continued until the soil filled up 

the mould up to about 25 mm above the top. It was then leveled, and weight with soil 

was recorded (W1). From the difference of two weights, minimum density was 

calculated.  

 

The Maximum density of sand sample was determined by vibrating table method 

(ASTM D4253). The test condition was 60 Hz, 0.38 mm double amplitude and 10 

minutes vibration. Similar to the minimum density determination, the weight of empty 

mould (W) was taken and then it was filled with dried soil sample. The mould was 

placed on the vibrating deck and was fixed with nuts and bolts. Then the surcharge 

weight was placed on it. The vibrator was allowed to run for 10 minutes. Then mould 

was weighed with the soil and weight was recorded (W2). Height of soil after 

vibration was measured.  

 

3.2.4 Specific gravity  

The specific gravity of the sand was determined experimentally following ASTM 

C128-84. The unit weight of sand was also determined by following ASTM C29/C29-

M-91a. Average porosity was also calculated from the following relationship 

1 d

s w

n
G
γ
γ

= −  (3-1) 

 

Where, n is the porosity; γd is the dry unit weight of sand; Gs, specific gravity of sand 

and γw, unit weight of water. 

                                                                                                                                                                  

3.2.5 Organic content  

The organic matter content of soil is one of the most important parameter to 

characterize the soil. Organic matter takes part an important role in reactive transport 

of copper because of the complex forming tendency of copper with the organic 

matter. So, it is very important to know the initial organic content of the soils. Organic 

matter can be roughly determined by measuring weight loss after burning. The 

majority of “loss‐on‐ignition” (LOI) will stem from organic carbon oxidizing to CO2. 
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Soil samples (air‐dried or fresh) are dried in an oven at 105°C and the moisture 

content estimated as the weight loss. Thereafter the samples are burnt at 450°C-500 

°C and the organic matter estimated as the weight loss as LOI (“loss‐on‐ignition”). 

 

The methodology that was followed in this study to determine the total organic 

content in the sand sample was similar to the ASTM D2974 - 07a. To perform this 

test following steps were followed: 

1. An oven temperature was set to 450°C and left the porcelain crucibles in it for 

8 hours. 

2. Crucibles were removed from furnace and allowed to cool in a glass 

desiccator. 

3. The crucibles were weighed  using the laboratory balance (resolution 0.001 g) 

(A gram) 

4. 6 gm sandy soils (< 2mm) were transferred into the crucibles and re‐weighed 

crucible and sample (B gram).  

5. Crucible with sample was dried overnight in the oven at 105°C . 

6. Crucible was removed from oven and cooled in a desiccator and weighed (C 

gram). 

7. The crucible with dried sample was placed in an oven at 450°C and left the 

crucibles in it for 4 hours. 

8. The crucibles were removed from furnace and allowed cooling in a glass 

desiccators and re‐weighed (D gram). The difference from the dry state yields 

the organic content. 

 

The percent of Organic Content (OC) was determined by using the following formula 

 

% 100C DOC
A C
−

= ×
−

 (3-2) 

  
3.2.6 Total copper content 

 Determination of initial copper content in the sand is one of the important tasks in 

this study.  If some copper was present in the sand initially then it would interfere 

with the addition of copper pulse during the column experiment and sand tank 

experiment. 
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To determine the concentrations of metals in soils and sediments, highly sensitive 

spectroscopic techniques such as flame or electro-thermal atomic absorption 

spectroscopy (FAAS) are the most widely used methods. In this method, metals 

associated with solids samples (such as sludges, soils and sediments) must be 

transformed to liquid phase. This process, known as digestion, is required for the 

spectroscopic analysis.  

 

In this study, to extract the copper from the soil sample, 5 gm of dry soil was weighed 

into a 100 ml beaker. Then 2.5 ml of concentrated HCl, 7.5ml of concentrated HNO3   

and some deionized (DI) water were added into the soil and to make a mixture of 

around 60-70ml. This mixture was kept several hours and then transferred into boiling 

flask the volume was made around 250 ml by adding deionized water. This mixture 

was heated for 2-2.5 hours and to reduce the volume around 100 ml. The mixture was 

allowed to cool in room temperature and made a volume 500 ml by adding deionized 

water. Finally, the extract was filtered through a filter paper. After filtration, the 

solution was analyzed for copper by using Flame Emission Atomic Absorption 

Spectrophotometer (FL-AAS). 

 

3.2.7 Total iron content 

Determination of initial iron content in the sand is another important task in this 

study. Presence of iron in soil can highly interfere in copper sorption process. Total 

iron content in sandy soil was determined by total extraction done by aqua-regia 

method, following the similar methodology of determination of total copper content 

as described in 3.2.6 (USEPA 236.1; SM 3111B)  

 

3.3  Laboratory Batch Experiments 

Batch studies represent the most common laboratory method for assessing sorption 

(ASTM, 1987; EPA, 1991; Roy et al., 1991). In this method, a well characterized soil 

of known mass (Msed) is added to a beaker/centrifuge tube. A known volume (Vw) and 

concentration (C0) of an aqueous contaminant solution is added to the soil in a 

beaker/centrifuge tube. The beaker/tube is sealed and mixed until sorption is 

complete, which is estimated to be typically 1 to 7 days.  The solutions are 

centrifuged or filtered, and the remaining concentration of the contaminant (Cf) in the 
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supernatant is measured. The amount of sorbed concentration is estimated from the 

difference of initial (C0) and final (Cf) concentrations of contaminant in the aqueous 

solutions. 

 

3.3.1 For determining kinetics of copper sorption on sandy soil 

In this study, Laboratory Batch Experiments were performed to evaluate the sorption 

kinetics of Copper on Sandy Soil. Batch kinetic experiments were performed for two 

different initial copper concentrations (50 and 100 mg/l).  For each experimental run, 

the required amount of Cu (II) stock solution of 1000 ppm was added in a 500-ml 

glass volumetric flask, along with 50 ml of 0.5 M MES (2-Morpholinoethanesulfonic 

acid monohydrate, a buffer for pH 5.15). The volumetric flask was then filled to the 

500 ml mark with distilled water. NaNO3 was used as a background electrolyte.  The 

pH of the solution was fixed at 5.15 by adding required amount of 1 M NaOH. Finally 

the 500 ml solution was taken in a glass beaker. The solution was constantly stirred 

with a magnetic stirrer. Then 25gm of sandy soil was added to the solution and the 

mixture was shaken with constant agitation. Approximately 10 ml aliquots were taken 

from the suspension at certain e time intervals. For the first half an hour, the samples 

were withdrawn at an interval of 5 minutes; for the next 5.5 hours at 0.5 hour intervals 

and last sample was taken after 24 hr of agitation. Finally, the supernatants were 

filtered and residual copper concentration of the filtrate was measured after suitably 

diluting the sample. The amount of sorbed copper was estimated from the difference 

between the initial and final concentrations of copper in the aqueous solution. 

 

3.3.2 For determining sorption equilibrium isotherm  

Adsorption equilibrium isotherms were studied in batch techniques at different pH. 

Batch experiments were carried out in 50ml centrifuge tubes and the pH of the batch 

adsorption experiments were kept constant using biological buffers (MES and CHES) 

and with required amounts of 1.0 M NaOH. The constant values of pH in the batch 

adsorption experiments were 5.15, 6.4 and 9.3. MES (2-Morpholinoethanesulfonic 

acid monohydrate) concentration of 0.05 M was used to keep the pH value constant at 

5.15 and 6.4 while 0.05 M CHES (2-(Cyclohexylamino) ethane-sulfonic acid) was 

used to keep the pH value constant at 9.3. 
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In each set of experiments, adsorption capacities of sandy soil was determined by 

equilibrating known mass of soil with aqueous solutions of varying copper (12.5 ppm 

to 125 ppm) concentrations. The amount of soil added to each 40 ml aqueous solution 

was 4 gm. As a background electrolyte, NaNO3 was used with a concentration of 0.02 

M.  

 

To conduct the batch equilibrium experiments, the stock solution of CuSO4 (1000 

ppm), NaNO3 (1 M) and MES or CHES (concentration: 0.5 M) were prepared. Then 

aqueous solutions of 40 ml were prepared in a 50 ml centrifuge tube by adding 

required amount of stock solution of CuSO4, NaNO3, biological buffers, 1M NaOH 

and DI water. 4 gm of sandy soil was added in each centrifuge tube and soil 

suspension in the centrifuge tubes was equilibrated in an end-over-end rotator (Fig. 

3.1) for 24 hours at a constant speed of 20 rpm. After 24 hours of equilibration period, 

the supernatant solutions were filtered and the pH was measured immediately after 

filtration. Finally, copper concentration of the filtrate was measured after suitably 

diluting the sample. 

 

 
 

Figure 3.1: Equilibration of the soil suspension in an end-over-end rotator 
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3.3.3 For determining effect of pH on copper sorption 

Effect of pH on adsorption of copper on sandy soil was investigated using two 

constant initial copper concentrations (114.5 and 182.74 mg/l) by batch adsorption 

experiments similar to those described in article 3.3.2, except no biological buffer was 

used. pH value was adjusted with 1 M NaOH and 1M HCl solution to achieve a wide 

range of pH (pH 2.5-11.5). 

 

3.3.4   For determining effect of ionic strength on copper sorption 

Copper adsorption isotherm experiments were conducted at different ionic strengths 

by using NaNO3 as the background electrolyte at a constant pH of 6.3. Molar 

concentrations of NaNO3 varied between 0.0125M and 0.125M. The experimental 

procedures were similar to those described in article 3.3.2. MES was used as buffer 

solution for maintaining a constant pH system and the initial constant copper 

concentration was 90.92 mg/l. 

 

3.3.5   For determining effect of EDTA addition on copper sorption 

Effect of the presence of EDTA on adsorption of copper on sandy soil was assessed in 

similar batch experiments described in article 3.3.2. In these experiments, initial 

copper concentration was fixed at 90.92 mg/l. Biological buffer solutions were used to 

maintain the constant pH at 6.3, 7.64 and 9.3 (MES for pH values of 6.3; HEPES (2-

[4-(2-Hydroxyethyl)-1-piperazine] ethanesulfonic acid)  for pH values of 7.64 and 

CHES for pH values of 9.3) . Different concentration of EDTA salt solutions (0.125 

g/l-1.25 g/l) was added to conduct these experiments. 

 

3.4 Laboratory Column Experiments 

The laboratory flow-through (or column) method of determining Kd values is the 

second most commonly used method (EPA, 1991; Relyea, 1982; Van Genuchten and 

Wierenga, 1986). A solution containing known amounts of a contaminant is 

introduced into a column of packed soil of known bulk density and porosity. The 

effluent concentration is monitored as a function of time. A known amount of a non-

adsorbing tracer may also be introduced into the column and its time-varying 
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concentration provides information about the pore-water velocity. The resulting data 

is plotted as a Break-Through Curve (BTC). The velocity of each constituent (i.e., 

tracer and contaminant) is calculated as the length of the column divided by the 

constituent’s mean residence time. The Kd value can be calculated directly from the 

retardation factor (R) and soil properties. In this study, laboratory column experiments 

were used to determine the partitioning coefficient (Kd) of copper and to study 1-D 

transport of copper in sandy soil. 

 

3.4.1 Experimental setup 

The column used was a plexi-glass tube with a length of 75cm and a 6 cm internal 

diameter. A photograph of the experimental setup was shown in the Fig 3.2. Four 

columns were made for studying of different parameters of reactive copper transport. 

A mechanism was developed in the upper part of the column for maintaining the 

constant head condition. In the lower part of column a double valve system was also 

developed for maintaining the constant flow condition through the column. A stand 

made by steel box section and flat bar was used for holding the column vertically. 

Sandy soil (characterized using methodology described in 3.2) was uniformly packed 

in to the column. Each column contained 2240±10 gm of sandy soil packed up to a 50 

cm heights. The density of soil in column was 1.58 gm/cm3. 

 

3.4.2 Experimental conditions and procedures 

 Tap water of BUET was used for flushing of column before and after injection of 

copper solution in the column. The experiment was performed at room temperature 

(27.0 ± 1 °C). A flow rate (Q) of 4±0.5 ml/min was maintained to the column. 

Knowing the cross-sectional area of the column (A = 28.3 cm2), along with the bulk 

density (ρb = 1.58 gm/cm3), solid density (ρs = 2.606 gm/cm3) and porosity (θ = 1- ρb / 

ρs = 0.39) of the sand, the average pore-water velocity (V) in the column could be 

estimated (V = Q/(Aθ)) as 0.36 cm /min or 21.6 cm/hr. This velocity is typical for a 

medium to coarse sand aquifer. 

 
Total thirteen transport experiments were conducted in the soil column. The first four 

experiments were run as pulse applications of chloride (KCl) and next four with four 

different concentrations of CuSO4.5H2O solution. The next five experiments were 

conducted to observe the effects of different parameters (pH, ionic strength, EDTA 
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addition, flow rate) on transport with a fixed concentration of CuSO4.5H2O solution. 

Almost constant flow condition (Q = 4±0.5 ml/min) was maintained in each column. 

 

 
Figure 3.2: Column Experiment Setup 

 

Constant head or flux boundary conditions were maintained in all thirteen 

experiments. The top boundary condition (constant head 10 cm at the top of the soil 

column) was established using a small pump and an elevated reservoir (bucket) 

system. At the bottom of the sand column a perforated disk of acrylic was used to 

establish a free drainage boundary condition. A nylon fabric filter was placed over the 

inner side of the disk to prevent loss of soil particles from the column. Steady-state 

flow conditions were established prior to each experiment, and outflow rates (Q) were 

monitored prior to, and throughout, the experiments by means of volumetric sampling 

with a measuring cylinder. The physical parameters of the column experiments are 

summarized in Table 3.1 

 
After extensively flushing the column with tap water prior to the experiment, 950 ml 

of KCl solution (constant concentration 1000 mg/l for each column) were injected 
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into the each column. The Cl- solution was used as conservative tracer in order to 

characterize the physical transport properties (advection and dispersion). In the next 

batch of the column experiments, 950 ml of solution containing four different 

concentrations of CuSO4.5H2O were injected. In each case the column was flushed 

with tap water until chemical concentrations in the effluent were reduced to the 

background level of the tap water.  

 
3.4.3 Aqueous sampling and analysis 

The effluent samples were collected until chemical concentrations in the effluent were 

reduced to the background level of the tap water. In case of tracer injection 

experiments, around 50 ml of sample was collected in each sampling time. For 

analysis of chloride, volumetric titration by Mohr method was followed. Chloride was 

analyzed for only one transport experiment. Electrical Conductivity (EC) was 

measured as alternative of Cl- measurement for rest of the three columns effluent. In 

case of copper solution injection experiments, around 10-15 ml of effluent sample 

was collected and acidified with concentrated HCl for total copper analysis.  

 
Table 3.1: Column Physical Parameters  

Length of the soil column  50 cm  

Inside Diameter  60 mm  
Cross-sectional area  28.3 cm

2
  

Average flow rate  4±0.5ml/min  
Bulk density of soil (ρb)  1.58 gm/cm

3
  

Porosity  0.39  
Average Velocity  21.75 cm /hr  
Ambient temperature  27.0 ± 1 °C  

 

3.4.4 Solid phase sampling and analysis 

After reaching breakthrough in the copper transport experiments, soil samples were 

collected from each column to measure the amount of copper adsorbed on the soil. 

Three samples were collected from each column (from top, middle and bottom). The 

acid-extraction method was used to measure the copper concentrations in soil as 

described in Section 3.2.6. The data obtained in this analysis was used to check the 

mass balance in transport experiment. 
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Figure 3.3: Sample collection system Figure 3.4: Constant flow rate monitoring 

 

3.4.5 Column experiments for identifying the effects of pH, ionic strength, flow 

rate and presence of EDTA in soil on copper transport 

Column experiments were conducted as described in article 3.4.1 to 3.4.3 for 

observing the effects of different physical and chemical parameters on transport of 

copper through the sandy soil. For observing the effects of flow velocity, column 

experiments were performed at two different effluent flow rates, Q = 4±0.5 ml/min 

and 8±0.5 ml/min. Another set of column experiments were performed with flush 

water (pH = 5.3 and 7.09) for determining the effects of pH on copper transport. To 

find out the effects of ionic strength on copper transport, column experiments were 

performed with and without adding NaNO3 with flush water. The background 

electrolyte concentration of flush water was increased by adding NaNO3 with tap 

water and making a 0.01 M NaNO3 solution. For understanding the effects of organic 

ligands presence in soil on copper transport, another set of column experiments were 

conducted with and without EDTA addition with soil. EDTA was mixed with soil at 

concentration of 5 mg per gm of soil. 

 

3.5 Laboratory Scale Aquifer Model Experiments 

3.5.1 Experimental design  

Laboratory scale aquifer model experiments (physical transport modeling) were 

conducted in a three dimensional intermediate-scale sand tank. Fig. 3.5 shows various 
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details of the sand tank model. The sand tank is made of 1 cm thick acrylic plates with 

dimensions of 183 cm (6 ft) long, 15.3 cm (6 inch) wide, and 76.2 cm (2.5 ft) high. 

Perforated SS (Stainless Steel) thin sheet spaced 25.7 cm (around 10 inch) away from 

both ends divide the tank into three chambers. The middle chamber was filled with 

sandy soil, and the chambers at both ends were filled with water to maintain constant 

heads. Both constant head reservoirs have variable level overflow outlets that 

maintained the desired hydraulic gradient across the porous media chamber. 

 

Figure 3.5: Experimental setup of the laboratory scale aquifer model  

 

Plan and cross sectional views of the aquifer model are shown in Figure 3.6. As 

shown in the figure, the porous media chamber was filled with uniform, homogenous 

sand to form an experimental aquifer that is 131.5 cm long, 15.3 cm wide, and 50 cm 

high. As shown in Figures 3.5 and 3.6, the sand tank model had one injection well and 

three clusters of observation wells. Each well cluster (WC) consisted of three wells of 

different depths. The depth of the wells in each cluster was 20 cm, 35 cm and 50 cm. 

Here the depth of well refers to the length of the well pipe remaining inside the sand 

Flow
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including blank portion at the end of well. Each observation well has a 5 cm screen 

followed by a 10 cm blank portion at the end. At the end of each well, this blank 

portion was provided to retain the sand or silt which may enter through the screen. 

The end of each well was properly sealed with a solid SS bar shoe to prevent the 

passage of water through the bottom of well.  

 

Figure 3.6 : Plan and sectional  view of laboratory scale aquifer model 

 

All the injection and observation wells were made of 1 mm thick Stainless Steel (SS) 

pipe with an outside diameter (OD) of 10 mm. Injection well was located at 25 cm 

downstream from the position of perforated sheet of reservoir located up the hydraulic 

gradient and was fully screened except at the top 5 cm. Observation well cluster 1 

(WC-1) was placed at 23.5 cm downstream from the injection well; followed by WC-

2 and WC-3 which  were located at 49.5 cm and 84.5 cm downstream from the 

injection well. The sampling position in each observation well cluster (WC) , referred 

to as WC-20, WC-35, and WC-50, were used to collect water samples between 5 and 

10 cm, 20 and 25 cm, 35 and 40 cm respectively. 
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3.5.2 Sand placement 

The physical model was packed under a 5 cm water column; the wet sand was 

compacted with a rod. During packing, the water level was limited to 5 cm to avoid 

significant grain size separation as the sand settled through the water column. The 

water level was raised after packing every 5 cm and the process was repeated until the 

entire model was packed. The sand was thoroughly mixed in each packing process to 

avoid stratification. Total height of the sand packing was 50 cm from the bottom of 

the sand tank. Sample density was estimated by measuring the mass of sand placed 

into the tank and then determining the dimensions of the sample. Sieve analysis of the 

packed sand indicated that the porous media material was poorly sorted medium grain 

sand. The average hydraulic conductivity of the sand is 1.7x10-4   m/sec, bulk density 

is 1.57 g/cc, median grain size is 0.8mm and uniformity index is 2.6. The packed sand 

was initially flushed with tap water for over 24 hours with a flow rate of 150 ml/min 

to clean fines and any dissolved salt from the tank. This corresponded to 

approximately 4 sample pore volumes being flushed from the tank. 

 
3.5.3 Tracer experiment 

After reaching steady-state flow, tracer was introduced into the sand tank aquifer to 

characterize the flow and transport parameters. Chloride was used as the conservative 

tracer in the preliminary tracer transport experiments. 25 ml 3 N Potassium chloride 

(KCl) mixed with 7 L of water was injected into the up-gradient injection wells. 

Injection period was 6 hr and injection rate was about 20ml/min. During the whole 

experimental process a flow of water across the sand (from right to left) was 

maintained at a constant hydraulic gradient. The chloride conductivity at the 

observation wells were measured by collecting water sample from different 

observation wells at a certain time interval. A 15 ml syringe attached with Teflon tube 

was used for collection of the samples into 20 ml plastic bottles.  

 
3.5.4 Copper injection experiment 

To study the transport behavior of copper in a sandy aquifer, copper injection 

experiments in a laboratory scale physical aquifer model was performed at constant 

hydraulic gradient condition. The water level in the upstream reservoir was fixed at 49 

cm and the water level in the downstream reservoir was fixed at 47.5 cm. 

CuSO4.5H2O solution was injected in the injection well as a source of copper. Before 



 46

injecting the copper into the aquifer model, a steady-state flow field was established 

by allowing water to flow through the system for 24 h. The steady-state condition was 

verified by measuring the water discharge rate at the effluent port.  About 35 L of 

CuSO4.5H2O solution was injected into the aquifer model through the injection well. 

Injection rate was around 16 ml/min and injection time was about 32 hr.  After 

injection the plume of solute moved under the action of the quasi natural gradient of 

the sand tank. Plume movement was monitored by collecting and analyzing the 

aqueous sample from different observation well clusters (WC). 

 

The aqueous samples were collected using a 15 ml syringe attached with Teflon tube. 

The samples were collected in 20 ml plastic bottles and acidified for copper analysis. 

The breakthroughs concentration profiles were observed for the sampling locations 

WC-1, WC-2 and WC-3. 

 

3.6 Laboratory Analysis of Water and Soil Sample 

 

Water from the acidified samples was used in the laboratory for analysis of total 

copper. Water from the non-acidified samples was used for analysis of other water 

parameters, including pH, EC and chloride. Copper concentrations in soil sample 

were determined by total extraction using aqua regia (nitric acid and hydrochloric 

acid, in a volumetric ratio of 1:3). 

 

Copper concentrations were determined with an AAS (Shimadzu, Japan, AA6800) in 

flame emission method. A detection limit of copper was 0.01 ppm. pH was 

determined using a pH meter (HACH, HQ 11d) and EC was measured using EC 

meter (WTW-Multi 3500i, 82362 Weiheim). Chloride was measured by volumetric 

titration by Mohr method. 

 

Standard QA/QC protocol was followed throughout, including replicate analysis (1 in 

every 5 samples), checking of method blanks (1 in every 10 analysis) and standards (1 

in every 10 analysis). 
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3.7 Chemicals and Reagents Used 

All chemicals used in this study were of analytical grade. Deionized water from a 

Barnstead Fistreem III Glass Still distiller was used throughout. Stock solution of 

Copper (1000±10.0 mg/L as Cu+2, HACH Co., USA) was used for preparation of 

standard solutions of copper. Copper standard solutions of 1, 2, 3, 4 and 5 mg/l were 

prepared for Flame-AAS analysis. Standard solutions were prepared daily and the 

calibrations curve for copper was prepared daily using standard solutions. Other 

chemicals used in this study are: Copper (II) Sulfate Pentahydrate (cryst, extra pure, 

ph Eur, BP, USP, MERCH); Ethylenediaminetetra-acetic acid (BDH laboratory 

supplies);  Sodium Nitrate (Analar, BDH Laboratory supplies); HEPES Free Acid 

(AMRESCO, High purity Grade); MES free acid Monohydrate (AMRESCO, Ultra 

pure Grade); CHES ( CALBIOCHEM, ULTROL Grade). 

 

All acids used in this study were of analytical grade. Hydrochloric acid (fuming 37%, 

extra pure, Merck, Germany), Nitric acid (65%, extra pure, Merck Germany) and 

Sulfuric acid (95-98%, extra pure, Merck, Germany) were used throughout. 

 

3.8 Solute Transport Modeling 

 

3.8.1 1-D solute transport modeling and estimation of transport parameters 

Analytical models STANMOD (Version 2.0) that includes CXTFIT (2.0) [Toride et 

al., 1995] was used to determine the transport parameters of the column experiments. 

The program CXTFIT 2.0 can be used to estimate transport parameters in case of 

steady one-dimensional flow by fitting the parameters to observed laboratory or field 

solute transport data. The inverse problem was solved by minimizing an objective 

function that consists of the sum of the squared differences between observed and 

fitted concentrations. The objective function is minimized using a nonlinear least-

squares inversion method according to Marquardt (1963).  Solute concentrations were 

used in flux-averaged mode. An equilibrium scenario was assumed to model the 

column experiments data. The equilibrium model required fitting of just 2 parameters, 

Retardation factor (R) and Dispersion Coefficient (D) to the effluent BTC. CXTFIT is 

also capable of fitting Pore water velocity (V) and Pulse application time (T0) but the 

rule is that at least one parameter should be independently known, otherwise the 

results will not converge. 
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First, tracer breakthrough data (Cl or EC) was fitted by deterministic equilibrium 

CDE model. The fitted parameters were D and R. Since chloride is a conservative 

element it is neither absorbed nor does it precipitate. Therefore, µ (decay term) was 

assumed zero. For conservative tracer, the value of retardation factor (R) was also 

assumed equal to 1, as initial estimate.  V and T0 were measured quantities during the 

run of the experiment. The results are evaluated on the goodness of fit (r2), visually, 

and minimizing the SSQ (sum of squared residuals). The main features used in 

modeling with STANMOD-CXTFIT (2.0) to estimate transport parameters are 

summarized in Table 3.2. Using some of the parameters (D and V) obtained by fitting 

tracer BTC, copper transport data was fitted with CXTFIT. Similar to tracer transport, 

the equilibrium scenario was assumed. For the equilibrium model, R was the only 

fitted parameter. The dispersion coefficient (D) for each column was determined from 

fitting the tracer BTC with CXTFIT. An example of an input and output file of 

STANMOD-CXTFIT 2.0 is given in Appendix A. 

 

Table 3.2: Features used in modeling by STANMOD-CXTFIT in this study 

Type of Model Deterministic Equilibrium CDE 

Concentration Mode Flux-averaged Concentrations, Cf 

Type of boundary conditions Pulse input at application time T 

Type of initial conditions Zero initial concentration 

Type of production distribution Zero production 

 

In this study, the temporal moment solutions of [Das and Kluitenberg, 1996] for one-

dimensional advective-dispersive solute transport with linear equilibrium sorption and 

first order degradation for time pulse sources were also used to analyze soil column 

experiment data. The Method of Moment (MOM) solutions of Das and Kluitenberg 

(1996) are based on the assumptions that local equilibrium is established 

instantaneously during solute transport in a homogenous porous medium, and that 

sorption is linear and reversible. 

 

For the column experiments, the pore water velocity (V) and dispersion coefficient 

(D) were first estimated from the tracer data using Eqs. 2.30 and 2.31, respectively. 

The experimental moments in the equations were calculated from the BTCs using the 
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trapezoidal rule, using Eq. 2.24. The value of R was estimated using Eq.2.29, 

assuming the value of λ (decay term) equal to zero. 

 

3.8.2 Numerical simulation of aquifer model experiment 

The experimental aquifer previously discussed in the section 3.5 was simulated using 

numerical modeling software. The fate and transport of a copper plume generated 

from point source (injection well) in a two-dimensional aquifer (considered two 

dimensional flow and transport because width of the tank was narrow) with uniform 

flow condition was modeled using numerical flow and transport software, 

MODFLOW (built in version with Ground water Vista). 

 

The experimental aquifer was discretized in the numerical model into 3 rows, 28 

columns and 10 layers. Uniform grid size was used. All the simulations were run 

under constant head condition.  The water level in the right (Upstream) boundary was 

fixed at 49.0 cm and the water level at the left (downstream) boundary was 47.5 cm. 

First, simulation was run for tracer data. In case of tracer simulation, no sorption 

effect was considered (Kd = 0).  Multiple simulations were completed by adjusting the 

values of longitudinal and transverse dispersion coefficients, and the value of the 

effective porosity to fit the breakthrough data of tracer injection collected at all three 

observation well clusters.  

 

In the numerical model, the copper source was assumed as a point source with 

constant concentration. Sorption of copper was assumed linear and no kinetic reaction 

(no degradation of copper) was considered. The input partitioning coefficient (Kd) of 

copper was taken from the estimated copper partitioning coefficient with sandy soil 

by laboratory column experiments. Numerical simulations were completed to 

simultaneously fit the experimental data observed at the sampling well clusters WC-1, 

WC-2 and WC-3. Numerical simulations were completed for a period of 120 h to 

model the experimental data. MT3D was used as transport engine. All the numerical 

modeling input parameters used in this simulation are summarized in Table 3.3 
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Table 3.3: Numerical Modeling Input Parameters 
 

Flow Model Input Contaminant Transport Model Input 
Model Grid  Transport Engine MT3D 
No. of Column 28 Model No Kinetic reaction 
No. of Rows 3  Linear Sorption 
No of Layers 10  (Equilibrium Controlled) 
  Simulation Period (hr.) 120 
Flow Properties  Partitioning Coefficient (Kd) 3x10-5 L/mg 
Hydraulic Conductivity  Dispersion  
Kx (m/sec) 1.7x10-4 Longitudinal dispersivity (m) 0.0147 
Ky(m/sec) 1.7x10-4 Hor. to long dispersivity ratio 0.33 
Kz(m/sec) 1.7x10-4 Vertical to long. Dispersivity ratio 0.01 
Specific Storage Ss (1/m) 1.0x10-4 Molecular diffusion  
Specific Yield, Sy 0.25   
Total Porosity 0.39 Contaminant Source Single pulse Injection 
Effective Porosity 0.25 Constant Concentration (mg/l) 4560 
  Injection time (hr.) 32 
Constant Head Boundary    
CH-up boundary (m) 0.490   
CH-down boundary (m) 0.475   
 
 
In this study, any automated calibration routines were not employed. In addition, the 

goodness of fit was assessed by visual comparison of observed and predicted profiles. 

The numerical model results, simulated using the best set of model parameters, were 

compared against the experimental results. 

 
3.9 Summary 

Batch experiments were conducted to understand the reactive behavior of copper 

under different environmental conditions. Column experiments were conducted to 

simulate one dimensional (1-D) transport under different environmental conditions 

and for determination of partitioning coefficient of copper on sandy soil. Physical 

modeling of copper transport into sandy soil was conducted in a laboratory scale 

aquifer model (sand tank) under steady flow condition.  Both the CXTFIT 2.0 model 

and MOM approach were used for simulation of 1-D column experiments data and 

MODFLOW was used to simulate the copper transport in the aquifer model 

experiment. 
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Chapter 4 

 

RESULTS AND DISCUSSION 
4.1 Introduction 
 

The concentration of contaminants in groundwater is determined by the amount, 

concentration, and nature of contaminant present at the source, rate of release from 

the source, and a number of geochemical processes including aqueous and sorption 

processes and diffusion. (USEPA report, 1999). To predict contaminant transport 

through the subsurface accurately, it is essential that the important geochemical 

processes affecting the contaminant transport to be identified.  

Dissolution/precipitation and adsorption/desorption are considered as the most 

important processes affecting contaminant interaction with soils. 

Dissolution/precipitation is more likely to be the key process where chemical non-

equilibrium exists, such as at a waste disposal facility (i.e., point source), an area 

where high contaminant concentrations exist, or where steep pH or oxidation-

reduction (red-ox) gradients exist. Adsorption/desorption will likely be the key 

process controlling contaminant migration in areas where chemical equilibrium exists, 

such as in areas far from the disposal facilities or spill sites (USEPA report, 1999). 

 

The simplest and most common method of estimating contaminant retardation (i.e., 

the inverse of the relative transport rate of a contaminant compared to that of water) is 

based on partition (or distribution) coefficient, Kd, values. In turn, the Kd value is a 

direct measure of the partitioning of a contaminant between the solid and aqueous 

phases. It is an empirical metric that attempts to account for various chemical and 

physical retardation mechanisms that are influenced by a myriad of variables. Values 

for Kd not only vary greatly between contaminants, but also vary as a function of 

aqueous and solid phase chemistry (Delegard and Barney, 1983; Kaplan and Serne, 

1995; Kaplan et al., 1994c). There are 5 general methods used to measure Kd values: 

laboratory batch method, in-situ batch method, laboratory flow-through (or column) 

method, field modeling method, and Koc method. (USEPA report, 1999). Each method 

has advantages and disadvantages, and perhaps more importantly, each method has its 

own set of assumptions for calculating Kd values from experimental data. 
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In this study several experimental and modeling studies have been performed to 

understand the sorption and transport behavior of copper in sandy soil. Partitioning 

coefficient (Kd) of copper was determined by laboratory column experiment method.  

Laboratory batch experiments have been conducted to understand the reactive 

behavior of copper at different experimental conditions. A sand tank experiment 

(laboratory scale aquifer model) has been performed to understand the 2-D transport 

behavior of copper in a controlled experimental condition. This chapter presents 

results of these laboratory investigations.  

 

4.2 Results of Soil Characterization 
 

Fig. 4.1 shows the grain size distribution curve obtained from the sieve analysis. It 

shows the three replicate samples follow the almost same curve. The Fineness 

Modulus (FM) of the sand was found to be 2.83. Around 1.5% materials pass through 

the #100 sieve (0.15mm), which can be considered as fines. From the grain size 

distribution curve, it was found that D60, D50 and D10 of this sand samples were 0.91 

mm, 0.8 mm and 0.35mm respectively. That means, the median particle size (D50) of 

this sand samples was 0.8mm; whereas the effective particles size (D10) was 0.35mm. 

Analysis of the sand grain size also showed that this sand had uniformity coefficient, 

Cu = 2.6 and a coefficient of curvature, Cc = .95. Since Cu < 6 and Cc is not lies in 

between 1 and 3, so according to the unified soil classification system, this sand can 

be classified as poorly graded sand (SP). 

 

The saturated hydraulic conductivity (Ks) was determined at different density of soil. 

Hydraulic conductivity vs. density curve was plotted and shown in Fig. 4.2. The 

average saturated hydraulic conductivity of the sand was determined to be 1.7 x 10-2   

cm/sec or 14.63 m/day at 20°C which falls in the range of 5-20 m/day typical for 

medium sand. Within the density range 1.46 gm/cc to 1.58 gm/ cc, Ks vary in between 

142.4 - 191.5 micron/sec at 20°C temperature. It should be mentioned that these tests 

measured the vertical hydraulic conductivity of the sample but since layering was 

avoided and the sand was nearly uniform, it could be assumed that the measured 

vertical hydraulic conductivity is also a good estimate of the horizontal hydraulic 

conductivity. 
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Figure 4.1: Grain size distribution curve of sandy soil used in this study 

 

Figure 4.2: Saturated hydraulic conductivity of sand at different dry density 
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The results of the soil characterization are summarized in the Table 4.1 

 

Table 4.1: Summary of soil characterization 

Parameters Method of Analysis Results 

Grain Size  ASTM C136 

Fineness Modulus, FM= 2.83 
Median Grain Size, D50=0.8 mm 

Effective Particle Size, D10 =0.35 mm 

Uniformity Coefficient, Cu= 2.6 

Coefficient of Curvature, Cc =0.95 

Saturated Hydraulic 
Conductivity (Ks) 

Falling Head Method 
(ASTM D 698-91) 

1.7 x 10-2   cm/sec  (average of six 
samples) 

Minimum Density 
Pouring from funnel 
method (ASTM 
D4254) 

82.2 lbs/cft or 1.42 gm/cm3. 

Maximum Density Vibrating table method 
(ASTM D4253) 99.3 lbs/cft or 1.59 gm/cm3 

Specific Gravity  ASTM C128-84 
Bulk specific gravity =2.606 
Bulk (S.S.D) =2.6358  
Apparent specific gravity= 2.694 

Dry Unit Weight ASTM C29/C29-M-
91a 1590 kg/m3 

porosity - 0.39 
Organic Content  ASTM D2974 – 07a 0.70%.  
Total Copper 
Content  

Total extraction by 
Aqua-Regia 7.2 mg/kg. 

Total Iron Content 
Total extraction by 
Aqua-Regia; USEPA 
236.1;SM 3111B 

12000 mg/kg 
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4.3 Results of the Laboratory Batch Experiments 
 
4.3.1 Sorption kinetics study 

Experiments were performed to determine the adsorption kinetics rate of copper with 

different initial concentrations of copper. Fig. 4.3 shows the kinetics of copper 

adsorption for two different initial concentrations of copper, 50 and 100 mg/l. Kinetic 

models have been used to investigate the mechanism of sorption and potential rate 

controlling steps of copper sorption on sandy soil. Pseudo-first-order, pseudo-second-

order and intra-particle diffusion kinetic models were used. 

4.3.1.1 Pseudo-first-order model 

The pseudo-first-order rate expression based on solid capacity is generally expressed 

as follows (Lagergren, 1898): 

 

1
( )
e

dq
k q q

dt
= −

 
4-1 

 
Where, qe is the amount of copper adsorbed at equilibrium (mg/g), q is the amount 

adsorbed at time t (mg/g), k1 is the rate constant of first order adsorption (L/min). 

After integration and applying boundary conditions, t = 0 to t and q = 0 to qe the 

integrated form of equation (4-1) becomes: 

  

1log( ) log
2.303e e

k
q q q t− = −  

4-2 

 

A value of adsorption rate constant k1 for the copper adsorption onto sandy soil was 

determined from the straight line plot of log (qe-q) against t (Fig. 4.4).  

 

4.3.1.2 Pseudo-second-order model 

The pseudo-second-order equation is also based on the sorption capacity of the solid 

phase. It predicts the behavior over the whole range of data. Furthermore, it is in 

agreement with chemi-sorption being the rate controlling step and is expressed as (Ho 

et al., 2000): 
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2
2
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k q q

d t
= −  

4-3 

 
Where, k2 is the rate constant of second-order adsorption (g/mg.min). For the same 

boundary conditions, t = 0 to t and q = 0 to qe the integrated form of equation (4-3) 

becomes: 
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q qk q
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 4-4 

 
Where, k2and h (initial sorption rate, at t = 0) values were determined from the slope 

and intercept of the plots of t/q against t (Fig. 4.5). 

The values of the parameters computed from the first-order and the second-order 

kinetic model and correlation coefficients are presented in Table 4.2. The correlation 

coefficients of data fitted by second-order kinetic model were found very high r2 > 

0.99); whereas, the r2 values of data fitted by first-order model were also reasonably 

high (r2 > 0.94). Here we can also see that the fitted qe values obtained from first order 

kinetic model do not give reasonable value, whereas the fitted qe values obtained from 

the second order model agree closely with the experimental qe values after 24 hr of 

mixing.  

Figure 4.3: Kinetics of copper sorption on sandy soil. pH=5.15; adsorbent dose=25 

gm soil in 500 ml aqueous solution. 
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It is considered that after 24 hr of mixing the system reached equilibrium. This 

confirms that the sorption of copper onto sandy soil more closely follows the pseudo-

second-order kinetic model. 

 

 
Figure 4.4: log (qe-q) vs. t plot for determining first order reaction rate constant 

 
 
 

 
Figure 4.5: t/q vs. t plot for determining second-order reaction rate constant 
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Table 4.2: Comparison of first order and second order sorption rate constant 

 
Initial Conc. 

Of Cu 
mg/l 

qe,(experimental) 1st order 2nd order 
k1 r2 qe, fitted k2 h r2 qe, fitted 

50 28.95 0.088 0.941 13.8 0.128 110.71 0.997 29.41 
100 47.4 0.069 0.97 22.8 0.074 166.67 0.991 47.62 

 
 
4.3.1.3 Intra-particle diffusion model 

The mechanism of adsorption is generally considered to involve three steps, one or 

any combination of which can be the rate-controlling mechanism: (i) mass transfer 

across the external boundary layer film of liquid surrounding the outside of the 

particle; (ii) adsorption at a site on the surface (internal or external) and the energy 

will depend on the binding process (physical or chemical); this step is often assumed 

to be extremely rapid; (iii) diffusion of the adsorbate molecules to an adsorption site 

either by a pore diffusion process through the liquid filled pores or by a solid surface 

diffusion mechanism. 

The most commonly used technique for identifying the mechanism involved in the 

adsorption process is by using intra-particle diffusion model as (Weber and Morris, 

1963): 

1/ 2
d

q k t I= +  4-5 

 
Where, kd is the intra-particle diffusion rate constant. If intra-particle diffusion occurs, 

then q against t1/2 will be linear and the line will pass through the origin if the intra-

particle diffusion was the only rate limiting parameter controlling the process. 

Otherwise, some other mechanism is also involved. The value of I gives an idea about 

the thickness of boundary layer diffusion. 

 Fig.4.6 presents intra-particle plot for copper adsorption on sandy soil for different 

copper concentrations. As can be seen from Fig. 4.6, the plots were not linear over the 

whole time range, implying that more than one process affected the adsorption. For 

both initial concentrations, the adsorption of copper showed a similar pattern. The 

multiple natures of these plots could be explained by boundary layer diffusion and 

intra-particle diffusion which governed the first and second parts respectively. Both 

parts are linear with two different slopes governed by the two types of diffusion 
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process (i.e., steeper slope for boundary layer diffusion and milder slope for intra-

particle diffusion). 

 

The diffusion rate parameters are listed in Table 4.3. The slope of the linear portion 

indicates the rate of the adsorption. The smaller slope corresponded to a slower 

adsorption process. One could observe that the diffusion in bulk phase to the exterior 

surface of adsorbent, which started at onset of the process, was the fastest. The second 

portion of the plot seemed to refer to the diffusion into the micro or mesopores of 

adsorbent, which is comparatively slower. 

 

 

Figure 4.6: Intra-particle diffusion plots for the sorption of copper on sandy soil 
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As shown is Table 4.3 and Fig. 4.6, an increase in initial concentration led to an 

increase in the rate parameters in both the portions, which might be due to the fact 

that the intra-particle diffusion model was developed base on Fick’s Law. A higher 

concentration gradient caused faster diffusion and quicker adsorption, and therefore a 

higher magnitude of rate parameters.  
 

4.3.2 Sorption equilibrium study 
 
The adsorption characteristics of copper were also assessed from adsorption 

isotherms. Langmuir and Freundlich isotherm models were used to describe the 

adsorption at equilibrium. Experimental isotherm data were generated at an 

equilibrium time of 24 hr at different pH. Adsorption isotherms of copper at different 

pH and adsorption constants obtained from fitting of the isotherms model at different 

pH are presented in Fig. 4.7 and in Table 4.4, respectively. 

The Langmuir adsorption isotherm is based on the assumption that all sites possess 

equal affinity for the adsorbate. It may be represented in the linear form as follows 

(Langmuir, 1916): 

1e e

e L m m

C C

q K Q Q
= +

 
4-6 

  
Where, Qm is the maximum copper adsorption capacity of soil, mg/g, KL is the 

Langmuir adsorption constant, L/mg. The adsorption data presented in Table 4.4 

shows that the values of KL and Qm are increased with increasing pH of aqueous 

solution. High KL values indicate high adsorption affinity. The maximum adsorption 

capacity, Qm, were 20.83, 38.46 and 9.174 mg/gm, at pH 5.15, 6.4 and 9.3 

respectively. At pH 9.3 the value of maximum adsorption capacity decreased because 

at pH > 6.5 copper starts to precipitate. So at pH 9.3, the adsorption study of copper is 

meaningless. 

 

The empirical Freundlich isotherm is based on the equilibrium relationship between 

heterogeneous surfaces. This isotherm is derived from the assumption that the 

adsorption sites are distributed exponentially with respect to the heat of adsorption. 

The logarithmic linear form of Freundlich isotherm may be represented as follows 

(Freundlich, 1906): 
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1
log log log
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4-7 

 
Where, KF (L/g) and 1/nF are the Freundlich constants, indicating the sorption 

capacity and sorption intensity, respectively. The magnitude of KF showed a high 

copper adsorptive capacity of sandy soil from aqueous solution studied. Table 4.6 also 

indicated that 0 < 1/nF  < 1, indicating that copper is favourably adsorbed by sandy 

soil at all studied pH. 

 

Table 4.4: Isotherms constants for copper sorption on sandy soil at different pH 

Experimental 

condition 

Langmuir Isotherm Freundlich Isotherm 

Qm 

(mg/gm) 

KL 

(L/mg) 

r2 KF 

(L/mg) 

1/nF r2 

pH 5.15 20.833 0.1081 0.98 3.34 0.449 0.969 

pH 6.4 38.46 0.23 0.807 4.19 0.622 0.958 

pH 9.3 9.174 -10.9 0.627 17.947 0.176 0.128 

 

Table 4.4 shows an excellent fit of Freundlich and Langmuir models with 

experimental data at pH 5.15. Both model fits the experimental data with very high R2 

(Langmuir model, r2=0.98 and Freundlich model, r2 = 0.969). At pH 6.4, Freundlich 

model fits the data with high r2 (0.958) value but Langmuir model does not show 

good performance (r2 = 0.807). At very high pH (pH = 9.3), both model fails to fit the 

data that confirms that at high pH range adsorption study of copper is not useful. 
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Figure 4.7: Sorption isotherms of copper on sandy soil at pH 5.15, 6.4 and 9.3 
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4.3.5 Effect of pH on copper sorption 

The acidity of solution is one of the most important parameters controlling the 

adsorption of copper in aqueous solutions. Effect of pH on adsorption of copper on 

sandy soil was assessed in batch experiments. Figure 4.8 shows a plot of the final pH 

of aqueous solution in batch experiments versus the relative quantity of copper 

adsorbed on sandy soil. From the Fig. 4.8, it is clearly illustrated that adsorption of 

copper from the aqueous solution is strongly affected by the pH of this solution. 

When the pH increases from pH 3 to pH 6, the uptake of copper increased from 1% to 

15%. Copper sorption is noted to increase significantly after pH 5. At, pH greater than 

7, the adsorption capacity of copper reduced significantly. 

 

 

Figure 4.8: Effects of pH on copper sorption 
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sorption of metal cation increases with increasing pH as the metal ionic species 

become less stable in the solution. However, at higher pH values (pH 7, pH 8, pH 9 

and above) there is a decrease in the adsorption capacity. This is because of the 

precipitation of copper as copper oxide (CuO). At pH 6 there are three species present 

in solution as suggested by Elliot and Huang. (Elliot & Haung, 1981), Cu2+ in very 

small quantities and Cu(OH)+ and Cu(OH)2 in large quantities. Three species are 

adsorbed at the surface of adsorbent by ion exchange mechanism with the functional 

groups present in adsorbent or by hydrogen bonding. At pH values higher than 6.0 

insoluble copper oxide (CuO) starts precipitating from the solutions (Stumn & 

Morgan, 1981; Antunes et al., 2003).  

 

4.3.5 Effect of ionic strength on copper sorption 

The effect of ionic strength on the sorption of copper onto sandy soil was studied 

laboratory batch experiment with different background electrolyte concentrations of 

NaNO3. Fig. 4.9 shows that the sorption of copper slightly decreased with increase in 

ionic strength of the aqueous solutions.  

 

 

Figure 4.9: Effects of ionic strength on copper sorption onto sandy soil. 

pH=6.3; Initial copper concentration 90.92 mg/l; sorbent dose, 100 gm/l 
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Many researchers (Smith, et. al 1993; Serban et. al 2002) showed that at low ionic 

strength heavy metal sorption on soil minerals takes place onto both planar and edge 

sites, but an increase in ionic strength supplies more positive ions which compete with 

the heavy metals for the sorption sites on the soil, especially for the planar sites which 

are considered of lower affinity. 

 

4.3.5 Effect of EDTA addition with soil on copper sorption 

The effect of EDTA addition with soil on copper sorption was investigated by 

equilibrium batch experiments at pH 6.3, 7.64 and 9.3. Different concentrations of 

EDTA were added in the aqueous solution to explore the effects of EDTA on copper 

sorption.  

 
 

Figure 4.10: Effects of EDTA addition on copper sorption. Initial copper 

concentration 90.92 mg/l; 24 hr equilibration period; adsorbent dose 100 gm/l. 
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0.5, 1 and 1.25 gm/l EDTA, respectively. This is because EDTA rapidly forms a 

complex with copper ions thus, leaving smaller amount of copper available for 

binding on the sorbent. Some previous studies (Salim et al. 1994; Baughman, 2001) 

showed that copper ions can completely desorbed by EDTA. The rate and degree of 

desorption process is dependent on EDTA concentration.  

 

4.4 Results of the Laboratory Column Experiments 
 

4.4.1 Observed breakthrough at column experiments 

4.4.1.1 Tracer injection breakthrough 

The measured BTCs of tracer (Cl) injection are shown in Fig. 4.11. As described in 

section 2.7, tracer BTCs provides the physical properties such as dispersion 

coefficient (D) and pore water velocity (V). In this study, the first appearance of Cl 

occurred around after 2 hour of injection. That implies the applied tracer pulse move 

approximately at the rate of 25 cm/hr (since, length of the soil column= 50 cm) which 

is close to the calculated pore water velocity from the measured flow rate (21.6 

cm/hr).The peak of BTCs appeared approximately 3 hours after injection which 

sustained for about 3 hours. The normalized concentration (C/C0) was close to unity at 

the peak which indicated that the performance of chloride as a conservative tracer was 

quite satisfactory. 

4.4.1.2 Copper injection breakthrough 

To study the breakthrough for copper adsorption, Copper Sulfate solution was added 

as a pulse input of copper. Sorption experiments in columns with varying copper ion 

concentrations were conducted.  Fig. 4.12 shows that breakthrough for influent copper 

concentrations of 5060, 3795, 2530 and 1265 mg/l occurred at 5.2, 4.8, 5.9 and 6.8 

hours after injection of the pulse, respectively. The differences between a 

conservative tracer (Cl) and a reactive solute (Cu) can clearly be seen by comparing 

the observed BTCs of Fig. 4.11 and 4.12. In case of Cu-BTC, there is no flat peak like 

tracer BTC. 
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Figure 4.11: Observed BTCs for tracer injection in column experiments 
 
 

 
 

Figure 4.12: Observed BTCs for copper injection at different concentrations 
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concentrations. The peak of the Cu- BTCs were found at 0.79, 0.73, 0.35 and 0.09 of 

C/C0 for  input copper concentrations of 5060, 3795, 2530 and 1265 mg/l, 

respectively. The arrival of a delayed peak for copper is because of the process taking 

place which removes Cu from solution such as ion exchange and precipitation. 

 

Fig. 4.12 shows that as the influent concentration was increased, the breakthrough 

occurred earlier. In batch experiments, it had also been found that the efficiency of 

metal ion sorption decreases as the metal ion concentration was increased. This is may 

be because of the total amount of sites available for ion sorption may be finite, and 

therefore, by increasing metal ion concentration, metal ion sorption decreases. In 

addition, the higher surface coverage resulting from the increase of metal 

concentration enhances the activation energy for the sorption reactions, thereby 

making it more difficult for the surface to bind metal ions (Du, et al., 1997). 

 

4.4.2 Mass balancing in the copper injection experiments 

A simple tool to investigate the accuracy of a reactive contaminant transport 

experiement in a column is mass balance. The input mass is calculated from injected 

concentration multiplied by pulse volume. The amount of reactive solute adsorbed on 

sandy soil can be estimated from analysis of collected soil samples after the transport 

experiments. The area of the breakthrough curves gives the estimation of amount of 

solutes going through the effluent. In perfect case, amount of input mass should be 

equal to the amount of adsorbed mass and mass going through the effluent.  Table 4.5 

shows that the injected copper mass were 4807, 3605.25, 2403.5 and 1201.75 mg in 

four Cu transport experiemnt with different Cu mass injection. The average copper 

adsorbed in soils were 1575.55, 1400.43, 1436.58 and 1123.42 mg for injected mass 

of 4807, 3605.25, 2403.5 and 1201.75 mg,  respectively. Here, we can see that in each 

column the amount of adsorbed copper is almost same except Expt. Cu-4. It implies 

that soil in each column reached at the maximum adsorption capacity except the soil 

of Expt. Cu-4. This information again proves that the total amount of sites available 

for ion sorption may be finite.  Adsorbed Cu mass in Expt. Cu-4. was less because of 

injected mass may be was less than the adsorption capacity of soils. 
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Table 4.5: Mass balancing for Cu transport in column experiments 
 Expt. Cu-1 Expt. Cu-2 Expt. Cu-3 Expt. Cu-4 

Cu-Pulse Conc. (mg/l) 5060 3795 2530 1265 

Pulse Volume (ml) 950 950 950 950 

Total input Cu mass (mg) 4807 3605 2403 1201 

 Cu Adsorbed on soil 

Top Soil (mg/kg) 858 623 768 730 

Middle Soil (mg/kg) 654 695 622 536 

Bottom Soil (mg/kg) 560 531 525 225 

Average (mg/kg) 691 614 638 497 

Soil in Column (Kg) 2.28 2.27 2.25 2.26 

Total Cu Adsorbed in Col. (mg) 1575 1400 1436 1123 

     

Area of BTC 2.82 2.62 1.36 0.33 

Cu goes with effluent (mg) 3420 2387 824 101 

(Adsorbed +effluent) Cu (mg) 4996 3787 2261 1224 

% of error (±) 3.94 5.05 5.92 1.91 

 

Table 4.5 shows that percentage of deviation between the input and output (adsorbed 

+ out going) mass is within the range of 1-6 %.  So, we can consider the accuracy of 

column experiments was satisfactory within a limited error range.  

 

4.4.3 Modeling of column experiments  

The process to model the mobility of copper in a laboratory column involved a 

number of successive steps that were carried out in the following sequence. First, Cl 

was modeled using CXTFIT and MOM. Using some of the transport parameters 

obtained from experiments, the transport of copper was modeled using CXTFIT and 

MOM. 

 

Each step defined certain characteristics of the column which freed the succeeding 

step to determine the next level of uncertainty. Cl, a conservative element, does not 

react, adsorb or decay so it can be used to determine the physical aspects of the 

column (Dispersion, Pore water velocity). The second step, modeling the copper, can 

be used to determine the dominant chemical processes taking place such as adsorption 

(by determining value of R or Kd).  
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Figure 4.13: Predicted and observed BTCs for tracer injection in column experiments 
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Figure 4.14 (a): Predicted and Observed BTC for copper injection conc. 5060 mg/l 

 
Figure 4.14 (b): Predicted and Observed BTC for copper injection conc. 3795 mg/l 

 
Figure 4.14 (c): Predicted and Observed BTC for copper injection conc. 2530 mg/l 
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Figure 4.14 (d): Predicted and Observed BTC for copper injection conc. 1265 mg/l 
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tracer, it is not surprising that the MOM estimate is quite close to the curve-fitting 

estimate. In contrast, first and second moments are required to estimate R and D so 

the estimates for these parameters exhibit more deviation. This is expected, as the 

higher the orders of the moment, the less stable the calculation (Leij and Dane, 1992). 

It can be noted (Fig. 4.14) that dispersion coefficients estimated from the MOM are 

higher than the CXTFIT estimates. A similar finding was also reported by Pang et al. 

(1998). This is not surprising, as the MOM-estimated value of D is a function of the 

difference between the second moment and the first moment squared (Eq. 2-31). 

Thus, even small concentrations that are measured at times distant from the first 

moment (i.e., the BTC tail) will have a large impact on the dispersion estimate by 

MOM. CXTFIT curve-fitting results that are based on minimizing the sum of square 

deviations are dominated by the high-concentration data points (as all the data points 

are assigned an equal weight by CXTFIT); hence, curve-fitting-derived dispersion 

coefficients are comparatively low. For a similar reason, there is a tendency for the 

MOM to estimate slightly higher R-values than CXTFIT model. As the first moment 

calculation is positively influenced by concentrations in the BTC tail, this resulted in 

increased estimates for R (Eq. 2-29).  

 

4.4.4 Effects of pH, ionic Strength, presence of EDTA in soil and flow rate on 

copper transport 

 
 4.4.4.1 Effects of pH 

Solution pH plays an important role in copper ion sorption equilibrium and kinetics. 

To examine the effects of pH on copper sorption in columns, experiments were 

conducted with flushing water having two different pH. Normalized effluent copper 

concentration (C/C0) versus time for two different flushing water pH is demonstrated 

in Fig. 4.15. Fig. 4.15 shows that breakthrough occurred at 4.8 and 5.3 hours after 

copper pulse injection for flush water pH of 5.3 and 7.09, respectively. This implies 

that when copper is transported through higher pH environments into the column, 

uptake capacity of soil increases leading to a later occurrence of breakthrough. A low 

pH environment inside the column causes desorption of copper from the surface–

metal complexes (SO-Cu and SO-CuOH) (Chen et al. 1996). Therefore, it can be 

concluded that desorption of copper ions for the low pH condition inside the column 

(pH, 5.03) resulted in an early breakthrough of the copper compared to the pH 
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condition of 7.03 as shown in Fig. 4.15. Here, the batch experiments results comply 

with the column experiment results for different pH conditions. 

 
Figure 4.15: Effects of pH on copper transport in a column 

 

4.4.4.2 Effects of ionic strength 

Ionic strength is another important factor in copper ion sorption. Experiments with 

flushing water ionic strength of 0 (without sodium nitrite) and 0.01 M (sodium nitrate) 

were performed and the results of this experiment are shown in Fig. 4.16. Ionic 

strength of flushing water was increased by mixing certain amount of NaNO3 with tap 

water ( pH =7.09).  Breakthrough for ionic strengths 0 and 0.01 M occurred at 5.3 

hours after copper pulse injection in both cases and the peak of the BTC was obtained 

at higher C/C0 for lowered ionic strength. When ionic strength was increased from 0 

to 0.01 M, the copper removal decreased slightly which does not agree with the 

findings in our previous batch equilibrium study. The probable reason of this 

phenomenon is that as the ionic strength was increased, the pH of the inside column 

environment was increased. This is because of the decreasing of activity of different 

solutes due to the increasing of ionic strength; resulting in slight increase of pH.  

From the batch and column experiments at different pH condition, it has been 

confirmed that pH plays very strong influence on copper sorption.  
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Figure 4.16: Effects of ionic strength on copper transport in a column 

 

4.4.4.3 Effects of the presence of EDTA  

From different literature review, it is clear that EDTA could be used to induce metal 

desorption from the soil matrix. In this study, column experiments have been 

conducted with and without the presence of EDTA in soil to investigate the effects of 

EDTA on copper transport. Normalized effluent concentrations for copper are shown 

in Figure 4.17 for with and without presence of EDTA in soil. Figure 4.17 shows that 

the presence of EDTA in soil enhances the copper solubility; resulting in an earlier 

breakthrough of copper at the outlet.  Presence of EDTA in the soil resulted in an 

increase in the amount of copper in the column effluent. This is because of that EDTA 

strongly forms complex (CuEDTA2-) with copper and brought it into the solution. 

 

4.4.4.4 Effects of flow rate 

The flow-rate at column outlet also determined the performance of metal sorption. In 

this study, two column experiments were carried out at different values of out flow 

rates.  Figure 4.18 shows that breakthrough for flow rate (Q) 8±0.5 ml/min and 4±0.5 

ml/min occurring at after 3.3 and 5.3 hours of copper pulse injection, respectively. 

When the flowrate is low, copper ions have longer residence time to be in contact 

with the soil. If the residence time is lower (higher flow-rate), metal ions do not have 

enough time to react with functional groups, which consequently results in earlier 

occurrence of breakthrough. At the same time, dispersion and advection in the metal 
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transfer become important at higher flow rate. From Figure 4.18 it is shown that the 

effects of dispersion and advection was higher for high flow rate 

 

 
Figure 4.17: Effects of presence of EDTA in soil on copper transport in a column 

 

 
Figure 4.18: Effects of effluent outflow rate on copper transport in a column 
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Table 4.6: Calculated R and Kd value at different Column Experiments in this study 

 R Kd (ml/gm) 

MOM CXTFIT MOM CXTFIT 

Expt. Cu-1 (C0=5060 mg/l) 1.12 1.10 0.0296 0.0247 

Expt. Cu-2 (C0=3795 mg/l) 1.42 1.41 0.1034 0.1017 

Expt. Cu-3 (C0=2530 mg/l) 1.69 1.69 0.1703 0.1703 

Expt. Cu-4 (C0=1265 mg/l) 1.72 1.76 0.1777 0.1876 

     

Expt. Cu-pH 5.3 1.71 1.59 0.1748 0.1466 

Expt. Cu-pH 7.09 1.79 1.78 0.1948 0.1938 

     

Expt. Cu-With EDTA 1.67 1.65 0.1654 0.1597 

Expt. Cu-Without EDTA 1.79 1.78 0.1948 0.1938 

     

Expt. Cu-I=0.01M  1.82 1.83 0.2019 0.2049 

Expt. Cu-I=0 1.79 1.78 0.1948 0.1938 

     

Expt. Cu=Q=8±0.5 ml/min 1.29 1.11 0.0731 0.0262 

Expt. Cu=Q=4±0.5 ml/min 1.79 1.78 0.1948 0.1938 

 

 

4.5 Laboratory Scale Aquifer Model Experiment and Numerical Modeling 
Results 
 

4.5.1 Experimental results 

To study the transport patterns of copper in sandy soil, the copper injection 

experiments in a laboratory scale aquifer replicate was performed at constant 

hydraulic gradient condition. The breakthroughs concentration profiles were recorded 

at the sampling locations WC-1, WC-2 and WC-3; these results are shown in Fig. 

4.22 (a-i). The concentration profile sharply declines at the horizontal distances which 

are nearest to the source and then continues to decrease to the lower values with 

increasing distance. 

At 23.5 cm downstream of injection point (WC-1), first appearance of copper in 

monitoring well occurred after about one and half hours after injection.  In this well 
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cluster, high concentration of copper was observed at the 35 cm deep well followed 

by the 50 cm deep well and lowest concentration was observed at the 20 cm deep 

well. That indicates after the injection of copper in the injection well, the movement 

of copper plume is essentially two-dimensional. Fig. 4.22 (a) shows that peak 

concentration was observed at the 20 cm deep well after about 20 hr of injection, the 

35 cm deep well after 25 hr of injection (Fig. 4.22 (b)) and the 50 cm deep well after 

38 hr after injection. Observed copper concentration at all wells in WC-1 drop 

significantly after 40 hrs of injection. 
 
Fig. 4.22 (d, e and f) shows the concentration profiles of WC-2, which is located at 

48.5 cm downstream from the copper injection point. It can be noticed from Fig. 4.22 

(d, e and f) that the observed copper concentration at the 50 cm deep well is higher 

compared to the other wells. The copper concentration at 20 cm deep well is 

comparatively lower. This information confirms the gradual downward movement of 

copper plume with time. The strength of the copper plume reduced significantly when 

its move forward due to the copper retention in soil. Fig. 4.22 (g, h and i) 

demonstrates the copper concentration profile of WC-3. In this well cluster, observed 

copper concentration in all the wells was very low compared to the two upstream well 

clusters. That means most of the copper adsorbed with the soil before reaching the 

WC-3. Similar to WC-2, the lowest Cu concentration was observed at the 20 cm deep 

well.  

 
4.5.2 Modeling results 

The Flow and contaminant transport simulation model, MODFLOW (built in version 

with Ground water Vista) is used to simulate the concentration profile at the different 

sampling locations. The numerical model simulations are performed to estimate 

profiles of aqueous phase concentration at different sampling location, WC-1, WC-2 

and WC-3. In numerical modeling by MODFLOW, copper source was considered as 

a point source with constant concentration. A zero flux boundary condition was 

applied to all outer boundaries of the numerical domain, and a constant head boundary 

condition was applied at the two flow end of aquifer model.  
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Up head boundary 
Injection 

well 
 

WC-1  WC-2  WC-3 Down head boundary

  
 

Figure 4.19 : A cross section of computer model showing all the wells and constant 
head boundary condition 

 

 
 

Figure 4.20: Cross section along the longitudinal centre line of  model showing head 
distribution at the time of model simulation 

 

(a) 
After 6 hours of 

injection 

 
 

(b) 
After 18 hours 

of injection 

(c) 
After 50 hours 

of injection 

Figure 4.21: Cross section along the longitudinal centre line of the model showing 
copper plume movement 
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Figure 4. 22:  Observed and predicted copper concentration profiles at different monitoring well clusters (Kd = 3x10-5 L/mg ) 
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Figure 4. 23:  Sensitivity to Kd to predict the copper concentration profiles at different monitoring well clusters (Here, Kd = 3x10-5 L/mg, refers 

to the estimated Kd from column experiment for the input copper concentration 4560 mg/l) 
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Fig. 4.19 - 4.23 show the results of the MODFLOW simulation.  Fig. 4.20 presents 

the head distributions along the longitudinal centre line of the aquifer at the time of 

model simulation. Fig. 4.21 (a, b and c) show the copper plume movement along the 

longitudinal centre line of model at different time after the copper solution pulse 

injection. Output results for copper transport through a laboratory scale aquifer model 

using MODFLOW follows the trend of the concentration profile reasonable well (Fig. 

4.22 (a-i). However, the model predicts a high value of the copper in the aqueous 

phase. Fig. 4.23 (a-i) shows the sensitivity to Kd to predict the copper concentration 

profiles at different monitoring well cluster. From the model sensitivity analysis it can 

be seen that the approach of using a constant value of Kd for copper throughout the 

constructed aquifer may not be appropriate. From the column study it was found that 

Kd varies inversely with the concentration of copper in the aqueous phase. As copper 

laden water travels along the longitudinal and vertical directions concentration of 

copper in aqueous phase decreases as it gets adsorbed on the sediment surface. Thus, 

it is likely that along these flow directions the Kd values will increase away from the 

point of injection. From Fig. 4.23 it is evident from the profiles at the well cluster # 1 

(WC-1_20, WC-1_35 and WC-1_50), which are located 235 cm away from the 

injection well and 20, 35 and 50 centimeters deep, respectively the MODFLOW 

output at this location match with the observed aqueous copper concentrations for 

sorption coefficients Kd twice the estimated Kd used in the model run. The well 

cluster #2 (WC-2_20, WC-2_35 and WC-2_50) located at 495 centimeters away from 

the injection well show a similar trend.  In this case the MODFLOW output match the 

observed aqueous copper concentrations for sorption coefficients Kd three times the 

estimated Kd used in the model run. Thus, it may be inferred both from the column 

study and the transport model results that the sorption coefficient of copper varies 

inversely with the aqueous concentration of the same. Also, to model copper transport 

through sandy soil it seems appropriate to adopt a segmental approach with increasing 

Kd in both in the vertical and longitudinal directions away from the point of injection.   

 

To incorporate the sorption phenomenon, MODFLOW uses a partitioning coefficient 

for separating the sorbed concentration and dissolved phase concentration. In this 

study, a single partitioning coefficient (Kd) value of copper was used for addressing 

the sorption phenomenon which may not represent the actual system. The reason may 
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be attributed to the phenomenon of sorption of copper on organics and iron oxides or 

precipitation of copper. In addition, the difference between the experimental and 

numerical results can be attributed to the fact that many variables related to the porous 

medium (effective porosity, specific storage etc), which are assumed to be constant 

when the numerical solution was adopted, may not agree with the actual system.  

 
4.4 Summary  

Langmuir and Freundlich equations were employed to describe the equilibrium 

adsorption isotherms of copper. High regression coefficients (r2) suggested that both 

Langmuir and Freundlich models are suitable for describing the adsorption behavior 

of copper, but it is limited to low to neutral pH range. Second order kinetic model can 

describe the copper adsorption kinetics properly. Intra-particle diffusion modeling 

suggests that the copper adsorption mechanism on sandy soil influenced by boundary 

layer diffusion at earlier stages and intra-particle diffusion at later stages. 

 

Results from this study show that sorption behavior of copper in sandy soil varies 

with different factor like pH, ionic strength, presence of organic ligands in soil etc. 

Effect of pH on copper sorption is very strong. With increasing pH the adsorption of 

copper is increased up to certain pH range. pH above the neutral range, the adsorption 

capacity of copper on sandy soil decreases. With increasing ionic strength in the 

solution the adsorption of copper decreases slightly. Presence of organic ligands (i.e. 

EDTA) exerts strong influence on copper sorption at all pH ranges.  

 

Modeling of 1-D copper transport experiment by using CXTFIT program and MOM 

suggest that both models can simulate the observed copper concentration within 

acceptable error ranges. The calculated partitioning co-efficient (Kd) value of copper 

from column experiments data is dependent on input copper concentration. With 

increasing input copper concentration in column, the Kd value of copper decreased. In 

case of simulation of laboratory scale aquifer model experiment by using 

MODFLOW, the trends of predicted copper profiles by using MODFLOW were 

similar to the observed profiles. However, model predicts the high aqueous phase 

copper concentration in most of the cases. Model sensitivity analysis shows that the 

approach of using a constant value of Kd for copper throughout the constructed 

aquifer may not be appropriate. 
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CHAPTER 5 

 

CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 

 

The aim of this study was to understand the transport and fate of copper in the sandy 

soil, so that a clear picture of its transport and reactive behavior could be established. 

Batch experiments were conducted to understand the reactive behavior of copper 

under different environmental conditions. Column experiments were conducted to 

simulate one dimensional (1-D) transport under different environmental conditions. 

The experiments were conducted in columns with different injected copper 

concentrations, different pH and ionic strengths, with and without presence of organic 

ligands (EDTA) and different flow velocities. Physical modeling of copper transport 

into sandy soil was conducted in a laboratory scale aquifer model (sand tank) under 

steady flow condition. The physical modeling was designed to simulate the two-

dimensional transport pattern under steady flow condition. 

 

The approach taken to model the experimental observation was threefold. The first 

step was to model Cl, a conservative tracer, determine the various physical transport 

parameters in a column (pore water velocity, dispersion coefficient). Using these 

results, one dimensional transport of copper was simulated in a column. Chemical 

transport parameters (Retardation factor, R and partitioning coefficient of copper, Kd) 

were obtained by simulating 1-D copper transport in a column. The next step was to 

model the transport of the copper in the laboratory scale aquifer model using some of 

the results of the previous two steps. The models utilized were STANMOD-CXTFIT 

2.0 and MOM approach for simulation of 1-D column experiments data and 

MODFLOW to simulate the physical modeling of copper transport in laboratory scale 

aquifer model.  

 

The primary objective and work outlines were set to understand the sorption and 

transport behavior of copper in sandy soil. The conclusions from this study are 

summarized below: 
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• Batch experiments show that sorption of copper on sandy soil closely follows 

the second order kinetic model. Mechanism of copper sorption on sandy soil 

was rather complex and is likely to be a combination of external mass transfer 

and intra-particle diffusion. 

•  Equilibrium isotherm studies show that copper sorption on sandy soil follows 

the both Freundlich and Langmuir isotherm models. However, representation 

of sorption of copper using these isotherms is limited to low to neutral pH 

range. 

• Batch and column experiments results under different parametric conditions 

show that sorption and transport of copper is influenced by various parameters 

such as pH, ionic strength, presence of organic ligands in soil etc. With 

increasing pH the adsorption of copper is increased but, at higher pH values 

(higher than about 6.5) insoluble copper oxide starts precipitating from the 

solutions. With increasing ionic strength in the solution the adsorption of 

copper decreases slightly. Presence of organic ligands (i.e. EDTA) exerts 

strong influence on copper sorption at all pH range.  

• Partitioning of copper on sandy soil is strongly influenced by input copper 

concentration in soil. Estimated partitioning coefficient (K
d
) values of copper 

on sandy soil from column experiments were between 0.025 - 0.188 ml/mg for 

the input concentration ranging between 1265 - 5060 mg/l dissolve copper.  

• In case of analysis of column experiments BTCs, both CXTFIT model and 

temporal moment solutions of Das and Kluitenberg (1996) give good result.  

• Output results for copper transport through a constructed laboratory level 

aquifer using MODFLOW follows the trend of the concentration profile 

reasonable well. However, the model predicts a high value of the copper in the 

aqueous phase. The model uses a partitioning coefficient for separating the 

particulate and dissolved phases of copper. In MODFLOW a single 

partitioning coefficient (K
d
) value was used for addressing the sorption 

phenomenon which may not represent the actual system. The reason may be 

attributed to the phenomenon of adsorption of copper on organics and iron 

oxides or precipitation of copper. 
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• From the MODFLOW model sensitivity analysis to Kd it can be seen that the 

approach of using a constant value of Kd for copper throughout the constructed 

aquifer may not be appropriate. It may be inferred both from the column study 

and the transport model results that the sorption coefficient of copper varies 

inversely with the aqueous concentration of the same. Also, to model copper 

transport through sandy soil it seems appropriate to adopt a segmental 

approach with increasing Kd in both in the vertical and longitudinal directions 

away from the point of injection.   

 
5.2 Recommendations 

The following recommendations are made to improve upon this work or for further 

study: 

• In this study, sorption behavior of copper has been studied on a particular type 

of sandy soil. Parametric study on sorbent characteristics (i.e. Iron content, 

surface area etc.) should be carried out to relate the sorption behavior of 

copper with sorbent characteristics. 

• Geochemical transport model could be incorporated to model the reactive 

copper transport which includes ion-exchange, precipitation/dissolution and 

surface complexation. PHREEQC (A Computer Program for Speciation, 

Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical 

Calculations) can be use to simulate the column experiments data of this 

study.  

• Similar column experiments can be done with different types of soil (finer 

grain sand, silt, silty clay and so on) and with layered column to reflect the 

effects of heterogeneity of real field. 

• Similar transport experiments in laboratory scale aquifer model can be done 

under various hydraulic head conditions to observe the effects of 

hydrodynamic on copper transport. By this way the influence of seasonal 

water level variations on copper transport can be understood. 

• A real field study should be carried out to see the performance of laboratory 

estimated Kd from column experiment as a representative of sorption behavior 

of copper. Estimated partitioning coefficient of copper (Kd) of this study can 

be used to model a similar copper contamination scenario and can be 

compared with the observation data from the real field.  
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APPENDIX-A

     *******************************************************************
     *                                                                 *
     *     CXTFIT Version 2.1W (10/14/99)                              *
     *     Analytical solutions for one-dimensional CDE                *
     *     Non-linear least-squares analysis                           *
     *                                                                 *
     *     Tracer Expt-01                                              *
     *     Determination of D                                          *
     *                                                                 *
     *     Data input file:  CXTFIT.IN                                 *
     *                                                                 *
     *******************************************************************

     Model description
     =================
        Deterministic equilibrium CDE (Mode=1)
        Flux-averaged concentration
        Real time (t), Position(x)
          (D,V,mu, and gamma are also dimensional)

     Initial values of coefficients
     ==============================
     Name        Initial value   Fitting
      V........     .2046E+02      N
      D........     .9000E+02      Y
      R........     .1000E+01      Y
      mu.......     .0000E+00      N
      Cin......     .1000E+01      Y
      T2.......     .4000E+01      Y

     Boundary, initial, and production conditions
     ===========================================
       <Initial estimate of b.c.>
       Single pulse of conc. =    1.0000 & duration =    4.0000
       Solute free initial condition
       No production term 

     Parameter estimation mode
     =========================
       Maximum number of iterations =   20
       Input concentration, Cin, is fitted to the data
       Duration time, T2, is fitted to the data

     Iter     SSQ        D....     R....     Cin..     T2...
      0    .3330E+00  .900E+02  .100E+01  .100E+01  .400E+01
      1    .1710E+00  .472E+02  .107E+01  .103E+01  .395E+01
      2    .1373E+00  .323E+02  .987E+00  .951E+00  .419E+01
      3    .1295E+00  .275E+02  .100E+01  .958E+00  .415E+01
      4    .1290E+00  .257E+02  .999E+00  .953E+00  .416E+01
      5    .1289E+00  .253E+02  .999E+00  .952E+00  .416E+01
      6    .1289E+00  .251E+02  .999E+00  .952E+00  .416E+01
      7    .1289E+00  .251E+02  .999E+00  .952E+00  .416E+01

     Covariance matrix for fitted parameters
     =======================================
                D....  R....  Cin..  T2...
         D....  1.000
         R....   .227  1.000
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         Cin..   .425   .515  1.000
         T2...  -.089  -.764  -.545  1.000

       RSquare for regression of observed vs predicted = .96930186
          (Coefficeint of determination)

       Mean square for error (MSE) =   .4960E-02

     Non-linear least squares analysis, final results
     ================================================

                                                95% Confidence limits
      Name      Value     S.E.Coeff. T-Value      Lower        Upper
      D....  .2510E+02   .5752E+01 .4363E+01   .1327E+02    .3692E+02
      R....  .9993E+00   .2419E-01 .4131E+02   .9496E+00    .1049E+01
      Cin..  .9518E+00   .2505E-01 .3799E+02   .9003E+00    .1003E+01
      T2...  .4163E+01   .8531E-01 .4880E+02   .3988E+01    .4338E+01

     ------------------Ordered by computer input-------------------
                                        Concentration         Resi-
     No    Distance       Time        Obs        Fitted       Dual
      1     50.0000       .0000       .0300       .0000       .0300
      2     50.0000       .5000       .0310       .0000       .0310
      3     50.0000      1.0000       .0487       .0000       .0487
      4     50.0000      1.5000       .0812       .0159       .0653
      5     50.0000      1.8000       .1200       .0953       .0247
      6     50.0000      2.0000       .1600       .2021      -.0421
      7     50.0000      2.3000       .3000       .4146      -.1146
      8     50.0000      2.5000       .5120       .5575      -.0455
      9     50.0000      2.8000       .8500       .7308       .1192
     10     50.0000      3.0000       .9400       .8112       .1288
     11     50.0000      3.2000       .9410       .8662       .0748
     12     50.0000      3.5000       .9421       .9139       .0282
     13     50.0000      3.8000       .9621       .9362       .0259
     14     50.0000      4.1000       .9700       .9457       .0243
     15     50.0000      4.3000       .9710       .9486       .0224
     16     50.0000      4.5000       .9681       .9502       .0179
     17     50.0000      4.8000       .9524       .9512       .0012
     18     50.0000      5.0000       .9214       .9515      -.0301
     19     50.0000      5.1000       .8900       .9516      -.0616
     20     50.0000      5.5000       .8624       .9481      -.0857
     21     50.0000      5.8000       .8200       .9111      -.0911
     22     50.0000      6.0000       .7800       .8400      -.0600
     23     50.0000      6.3000       .6234       .6569      -.0335
     24     50.0000      6.5000       .5100       .5098       .0002
     25     50.0000      6.8000       .3570       .3075       .0495
     26     50.0000      7.0000       .2600       .2040       .0560
     27     50.0000      7.5000       .1340       .0596       .0744
     28     50.0000      8.0000       .1102       .0140       .0962
     29     50.0000      8.5000       .1021       .0028       .0993
     30     50.0000      8.8000       .0921       .0010       .0911
 
 
  Z= 50.0000     (Flux conc. vs. time)
  Sum(C*dT)=      4.0017
    Time          C
      .0000   .00000E+00
      .1500   .00000E+00
      .3000   .11457E-28
      .4500   .77562E-17
      .6000   .49427E-11
      .7500   .12189E-07
      .9000   .18695E-05
     1.0500   .58736E-04
     1.2000   .68603E-03
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     1.3500   .41555E-02
     1.5000   .15942E-01
     1.6500   .44013E-01
     1.8000   .95265E-01
     1.9500   .17163E+00
     2.1000   .26871E+00
     2.2500   .37754E+00
     2.4000   .48777E+00
     2.5500   .59053E+00
     2.7000   .68000E+00
     2.8500   .75356E+00
     3.0000   .81120E+00
     3.1500   .85454E+00
     3.3000   .88602E+00
     3.4500   .90820E+00
     3.6000   .92341E+00
     3.7500   .93362E+00
     3.9000   .94032E+00
     4.0500   .94465E+00
     4.2000   .94740E+00
     4.3500   .94913E+00
     4.5000   .95020E+00
     4.6500   .95085E+00
     4.8000   .95124E+00
     4.9500   .95148E+00
     5.1000   .95162E+00
     5.2500   .95165E+00
     5.4000   .95111E+00
     5.5500   .94782E+00
     5.7000   .93642E+00
     5.8500   .90897E+00
     6.0000   .85849E+00
     6.1500   .78286E+00
     6.3000   .68629E+00
     6.4500   .57767E+00
     6.6000   .46734E+00
     6.7500   .36425E+00
     6.9000   .27432E+00
     7.0500   .20027E+00
     7.2000   .14216E+00
     7.3500   .98412E-01
     7.5000   .66611E-01
     7.6500   .44189E-01
     7.8000   .28792E-01
     7.9500   .18459E-01
     8.1000   .11665E-01
     8.2500   .72755E-02
     8.4000   .44850E-02
     8.5500   .27356E-02
     8.7000   .16526E-02
     8.8500   .98967E-03
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