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ABSTRACT 

Batch and miscible displacement experiments were performed to investigate the 

sorption and transport behavior of cadmium, nickel, and strontium, and potential use of 

calcium and fulvic acid to facilitate desorption and removal of cadmium and nickel in 

subsurface soils. Sorption of cadmium, nickel, and strontium in the soil was quite rapid, 

essentially completed within two hours. Sorption isotherms for cadmium, nickel, and 

strontium exhibited strong nonlinearity and it was well described by the use of the Freundlich 

equation. The sorption of cadmium was greater than nickel and strontium. Electrostatic 

sorption was major contributor to the sorption of these metals. 

The breakthrough curves of cadmium, nickel, and strontium were asymmetrical and 

had significant tailing. The results of the simulations obtained by using models incorporating 

both nonlinear, and rate-limited sorption and flow-interruption experiments indicated that 

nonlinear sorption was the major cause of nonideal transport, with rate-limited sorption a 

minor component. The transport of metals was significantly affected by the presence of 

another metal. The transport of cadmium and nickel was enhanced in the mixture of cadmium 

and nickel due to competition for adsorption sites. 

Adsorption of cadmium, nickel, and strontium was significantly inhibited by the 

presence of calcium in the solutions. The transport of cadmium through the soil column was 

enhanced due to the competition between calcium and cadmium for exchange sites on the 

surface of soil particles. The cadmium adsorbed to the soil was removed by injecting different 
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concentration of calcium, and the removal of cadmium also increased significantly with 

increasing concentration of calcium. Chloride was found to promote the desorption of 

cadmium in comparison with nitrate due to greater affinity of the former for cadmium to form 

series of less charged or uncharged species. The positions of the cadmium elution peaks by 

different concentration of calcium were successfully estimated by sorption isotherm of 

calcium on the soil. 
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CHAPTER 1: INTRODUCTION 

1.1 Nature of Problem 

Metals, which are defined as any element that has a silvery luster and are good 

conductors of heat and electricity, are common elements in soil environment. The level of 

metals in uncontaminated soil is low and primarily related to geology of the parent material 

from which the soil was formed. However, the concentrations of metals in many areas have 

reached much higher than those found in natural soils due to input of metals from different 

sources by human activities. Sources of metal pollution include metal mining and smelting 

operations, leaded batteries, lead fuels, the electroplating industry, paints, and metal

containing pesticides. Most of these metals (Pb, Cr, Cd, Zn, Cu, Hg, Ag, Se, etc) are toxic 

to microorganisms, plants and humans when they accumulate and reach a critical level in 

environment. A survey of 395 remedial action sites revealed that the heavy metals (e.g., Pb, 

Cd, Zn, Cu, etc) were the most prevalent class of contaminants. Metals pose a difficult 

pollution problem because unlike organic compounds, metals do not degrade. The fate of 

heavy metals from hazardous waste sites, landfills and other contaminated sites has become 

one of the predominant environmental issues in the U.S. Some of these sites have reached 

a critical status as the potential for groundwater contamination and the enormous costs for 

remediation have been recognized. Metals associated with the aqueous phase of soils are 

subject to movement with soil water and may be transported through vadose zones to 
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groundwater. Thus, the existence of heavy metals in groundwater supplies is of particular 

concern due to their potential toxicological impact on humans and animals. 

Two approaches may be successful for reducing contamination of heavy metals in 

environment. One is immobilization of heavy metals, but this approach is not perceived as 

a permanent solution to the problem. Another is the remobilization of heavy metals. In the 

latter approach, two widely used techniques for remediating contaminated subsurface 

environments are in situ soil washing, which is used primarily for surface soil contamination, 

and pump and treat technology, which is used at sites with deep soil or aquifer contamination. 

A major problem associated with this approach is the difficult in delivering the metals from 

surface or subsurface soil contaminated to the surface for subsequent treatment. The time 

required for removal of heavy metals using soil wash or pump and treat is often greater than 

that is economically or politically acceptable due to sorption interactions of the heavy metals 

with the soil. Strategies to enhance the mobilization of heavy metals must be developed to 

shorten the time required for soil washing or pump and treat remediation. Therefore, there 

is a great need to understand the transport behavior of heavy metals in subsurface soil and to 

develop some techniques promote mobilization of heavy metals in soil. 

The potential for natural or synthetic organic and inorganic liquids to enhance the 

transport of metals and organic anthropogenic pollutant through subsurface soil has been 

investigated in recent years (Hickey, 1984; Lebauve, 1988; Weber, 1988; Amehein, 1992; 

Dunnivant, 1992). To date no successful application of remediation of metal has been 

reported. Some successful laboratory scale results have been reported by using organic 
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chemicals, such as EDT A, fulvic acid, and biosurfactants. However, issues of 

biodegradability, increased water contamination, potential toxicity, cast, and efficiencies still 

remain to be resolved. One approach that is possible to enhance transport of heavy metals 

is the use of one nontoxic cation, such as calcium, to displace heavy metals from soil surfaces. 

It is well known that the most metals are retained on soil particles by ion exchange 

reactions. These metals are in competition for adsorption sites with major, naturally occurring 

cations (Ca, Mg, Na, K, AI ) except specific adsorption of metals (Hickey and Kittrick, 1984; 

Comans, 1987; Harter, 1992). The mobility of metals might be greatly increased due to such 

competition. Of soil major cations, calcium is the most common element in soil or 

groundwater, and nontoxic at relatively high concentration. Calcium can strongly compete 

with metals for adsorption sites on mineral surfaces. Many researchers have reported that 

adsorption of metal cations ( Cd, Ni, Pb, and Zn) was decreased in the presence of Ca, and 

Mg (Cavallaro,1978; Christesen,1984; Zhu, 1993). Although it is generally known that the 

adsorption of metal cations in soil can be reduced due to competition with other cations, the 

potential use of calcium for remediation of metals in subsurface or aquifer materials has not 

been researched. 

1.2 Goal and Objective of Study 

The overall goal of this dissertation is to investigate the transport behavior of heavy 

metals and the potential for enhanced removal of heavy metals from contaminated soils using 

calcium. Specific objectives include: 
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I. Investigate the adsorption and desorption behaviors of metals in 

subsurface soils. 

II. Investigate the competitive adsorption between metals and cations. 

III. Identify transport behavior of metals through subsurface soils. 

IV. Investigate the potential removal of metals by calcium from subsurface 

soils. 

1.3 Dissertation Format 

This dissertation comprises three chapters followed by two appendices. The first 

chapter introduces the nature ofthe problem and objectives of the study. The second chapter 

reviews the literature and summarize the past and current research works in the area of the 

dissertation. The third chapter is the summarizes of experimental methods and results of 

current research. Appendices A and B are two papers, submitted and to be submitted for 

publication. 

My major advisor, Dr. Janick F. Artiola helped me to decide the area of research 

presented in this dissertation. Both of Dr. Janick F. Artiola and Dr. Mark L. Brusseau have 

provided much help and insight in interpreting the results from the experimental work and 

preparation of manuscripts. I designed and conducted all the experimental work, data 

analysis, and manuscript preparation. 
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CHAPTER 2: LITERATURE REVIEW 

Heavy metal pollution is emitted from various sources as solid, liquid, and frequently, 

as fine particles directly into the atmosphere, but ultimately deposited on the surface of water 

body and land. The soil medium has a huge capacity to hold heavy metals. The movement 

of heavy metals within landscapes and throughout a region is mainly associated with the earth 

materials, under the influence of wind, water, and gravity. The movement of heavy metals 

within the soil environment is principally in the solution phase. Hence, the chemical and 

biochemical factors that control the distribution of metals between solid and solution phase, 

and the chemical forms in each phase will playa role in influencing the mobility of heavy 

metals. In brief, soil chemical reactions controlling mobility of heavy metals and their uptake 

by plants are, broadly, adsorption/desorption or solubility/precipitation, as determined by the 

concentration and ionic species in solution and kind of surface phase present. The transport 

and activity of metals in the soil environment are extremely affected by many environmental 

factors, such as pH, Eh, inorganic or organic ligand, cations and microorganisms. 

2.1 Mobility of Metals in Soil and Subsurface 

In the soil environment, there exist many metal species, which are (1) Dissolved in 

the soil solution. These parts of species are very active and mobile, and transport with water 

movement; (2) Occupying exchange sites on inorganic soil constituents. These metals are 

usually retained on the solid surfaces of by electrostatic attraction and have high potential 



18 

activities; (3) Specifically adsorbed on inorganic soil constituents. Those metals are immobile 

and have low activities; (4) Associated with insoluble soil organic matter. These metals are 

complexed with functional groups of organic matter, therefore, they are immobile and have 

low activities; (5) Precipitated as pure or mixed solids; (6) Present in the structure of 

secondary minerals. These metals may enter the interlayer position of minerals; and (7) 

Present in the structure of primary minerals (Shuman, 1991). There are multiphase equilibria 

among these species in soil. Metal species can be transferred between liquid and solid phases 

with change of chemical and biological conditions in soil. Metals in the liquid phase are 

subject to mass transfer out of the system by leaching to groundwater, plant uptake, or 

volatilization. Meanwhile, metals participate in chemical reactions with soil solid phases. 

The concentrations of metals in the solution at any given time are governed by number of 

interrelated processes, including inorganic and organic complexation. The mobility of metals 

in a soil-water system may be significantly influenced by the metal-organic complexation, 

where dissolved organic ligands maintain the metals in solution, the competitive sorption for 

reactive surface sites by similarly charged inorganic species, soil pH, ion strength and 

oxidation-reduction. 

2.2 Adsorption/desorption of Metals on Solid Surface 

Adsorption is the net accumulation of matter at the interface of a solid phase and an 

aqueous solution phase. Metal cations adsorbed onto soil particle surfaces have been 

described by the three mechanisms in terms of inner-sphere, outer-sphere surface 
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complexation and diffuse-ion swarm (Sposito, 1989). The relative order of decreasing 

interaction strength among these three-adsorption mechanisms is: inner-sphere complex> 

outer-sphere complex> diffuse-ion swarms. The inner-sphere complex, called as specific 

adsorption, is like to involve ionic bonding, thus, the electronic structures of the metal cations 

and surface functional group are important, whereas the diffuse-ion swarm mechanisms of 

adsorption involve almost exclusively electrostatic bonding, usually only the metal cation 

valence and surface charge should be critical to determining adsorption affinity. The outer

sphere surface complex is intermediate, in that valence is probably the most important factor, 

but the stereochemical-enhancement effect of immobilizing a cation in a well-defined complex 

must also playa role in determining affinity. The diffuse-ion swarm and partial outer-sphere 

complex can be also considered as ion exchange sorption. 

Most important sorbents in soil are clay fractions, as well as organic matter. The clay 

minerals possess permanent negative charges due to isomorphous substitution in the 

aluminosilicate structure, which is pH-independent charge, and pH-dependent charge which 

results from ionization of functional groups (Bohn et aI., 1985). These negative charges on 

clay fractions are compensated by some exchangeable cations, such as Ca, Mg, K, Na, AI. 

These cations can be replaced by metal cations through exchange reactions. 

Effect of pH 

It has often been observed that sorption of metal cations increases with an increase 

in pH (Bowden et aI., 1972; Boekhold et aI., 1991; Basta and Tabatabai, 1990; and Naidu 
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et aI., 1995). Kuo and Baker (1980) found that adsorption of Cu, Cd and Zn by some acid 

soils increased with increasing pH, and Cu was more preferentially sorbed other than Zn and 

Cd. Christensen (1983) found that pH is an extremely important factor in controlling Cd 

distribution in soil. In the pH interval of 4.0 to 7.7, the sorption capacity of the soil 

increased 2 to 3 times for a pH increase of one unit. 

Several reasons attributed to these effects have been discussed by many researchers. 

First, the species of metal cations change with change in pH. The metal hydrolysis model 

(Hodgson et aI., 1964) describes that hydrolysis of metal ions results in the fonnation of 

metal-hydroxy species that are sorbed more preferentially than the metal ion on some 

minerals. The proportion of hydrolyzed metal species increases with pH increase. 

M2+ + H20 = MOH+ + H+ 

MOH+ + Soil- = Soil-MOH 

According to Benjamin and Leckie (1981) and Davis and Leckie (1978), CdOH+ is the 

predominant Cd (ll) species controlling the sorption of metal ions on oxide surfaces. 

Second, the effect of pH on metal sorption has been reported to the exchange of 

protons for the metal ions, metal-proton exchange model (Boekhold et al., 1993). The H+ 

will compete for negative charge sites on solid surfaces with metal cation for adsorption. On 

the basis of this mechanism, Boekhold et al. (1993) modified the Freundlich equation to 

account for the effect of pH on Cd adsorption by soils. 

X=K* an (H)m 
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where a and H are the activities of Cd and protons in solution, respectively. The factor m is 

considered as a stoichiometric coefficient indicating relative replacement ratio of H by Cd. 

The third reason attributed for the effect of pH on metal cation sorption is related to 

the changes in surface charge and electrostatic potential in the plane of sorption. As pH 

increases, the net negative charge on solid surface increases, and the electrostatic attraction 

of a soil adsorbent for metal cations is enhanced. The electrostatic potential of the variable 

charged surface decreases with increasing pH thus making the surface more negatives 

(Barrow, 1984; Ellis, 1986). 

Effect of Competing Cations 

When the specific adsorption sites become saturated, exchange reactions dominate and 

competition for these sites with soil major cations becomes important. Cation inhibition of 

Cd adsorption by soils has been studied by Langerwerff and Brower (1972). The decrease 

in Cd adsorption was greater in the presence of AI compared with Ca. Cavllaro and McBride 

(1978) found that adsorption of Cu and Cd decreased in the presence of 0.01 M Ca. They 

attributed this decrease to competition with Ca for adsorption sites. Cadmium adsorption was 

more affected by the presence of Ca than Cu. The mobility of Cd may be greatly increased 

due to such competition. The amount Cd adsorbed on the montmorillonite surfaces depended 

on the cation species present, decreasing in the order Na>K>Ca>AI. Zhu and Alva (1993) 

found that, for a given ionic strength of the equilibrium solution, the decrease in Zn 
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adsorption was much greater in the presence of added Ca than Mg or K, and Zn adsorption 

decrease depended on the cation species employed rather than ionic strength value. 

Metal cations also will compete with each other for adsorption sites. The affinities 

of metal cations with soil and mineral were studied by many researchers. Although the general 

order of preference for divalent cations is Pb>Cu>Zn>Cd>Ni, this order varies with soil type 

and mineral composition 

Effect of Complexation 

Metal cations can form complexes with inorganic and organic ligands. The resulting 

association has a lower positive charge than the free metal ion, and may be uncharged or carry 

a net negative charge. The interaction between metal ions and complexing ligands may result 

in either a complex that is weakly adsorbed to the soil surface or a complex that is more 

strongly adsorbed than the free metal ion. The actual effect of complex formation on sorption 

depends on the properties of the metal of interest, the type and amount of ligands present, soil 

solution composition, pH, and redox conditions. 

The adsorption of Cd on soil and soil constituents was inhibited in the presence of the 

inorganic ligands CI· and sot (O'Connor, et aI., 1984; Hirsch et aI., 1989; Egozy, 1980; 

Garcia-Miragaya and Page, 1976; Benjamin and leckie, 1982) due to the formation of 

cadmium complexes that were not strongly adsorbed by the soils. Boekhold et ai. (1993) 

found that, at same ionic strength of the background electrolyte, Cd sorption differed between 

N03" and CI" as index anion. Adsorption of CdCl2 was smaller than that of Cd(N03h since 



23 

CI" does form much more stable complexes with Cd than N03 • The effect of inorganic 

ligands on adsorption of metals may depend on type of soil and concentration of inorganic 

ligands. One of the examples is phosphate. McBride (1985) and Cavallaro (1982) found that 

high levels of phosphate suppressed adsorption of Cu and Zn in aluminum oxide or clays. 

Phosphate did not form strong complexes with Cu or Zn but it was strongly adsorbed to 

surfaces thus physically blocking the specific adsorption sites of Cu and Zn. The low 

concentration of added phosphate enhanced adsorption of Zn and Cd on oxide surface since 

the adsorption of phosphate onto the oxide surface increased the negative charge on the oxide 

surface, thus enhancing adsorption of the metal cations ( Kuo and McNeal, 1984; Stanton and 

Burger, 1970; Bolland et aI., 1977). 

In the natural soil and water systems, there are many soluble organic ligands present, 

such as fulvic acid, oxalic acid, citric acid, acetic acid. Complex formation between metals 

and organic ligands affects metal adsorption and mobility. The complexation between a metal 

and soluble organic matter depends on the competition between metals-binding surface sites 

and the soluble organic ligand for the metals. Metals that readily form stable complexes with 

soluble organic ligand are likely to be mobile in soils. Overcash and Pal (1979) reported that 

the order of metal-organic complex stabilities for the system they studied was 

Hg>Cu>Ni>Pb>Co>Zn>Cd. Khan et aI. (1982) showed that the mobility of metals through 

soil followed the order: Cu>Ni>Pb>Ag>Cd. The high mobility of Cu and Ni was attributed 

to their high complexing nature with soluble organic matter. 
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The metal adsorption may also be enhanced by the complexation of metals to the 

surface-adsorbed organic matter. The Humic material, which contains many active surface 

functional groups, such as carboxyl, phenolic hydroxyl and sulfhydryl groups, is one of the 

most important organic matters that remain metal in solid phases. The ability and capacity 

of complexation between metal and HA is dependent on the molecular weight, functional 

group content, pH, and ionic strength of solution. 

Effect of Ionic Strength 

Ionic strength influences sorption but, usually, its effects are relatively minor 

compared with pH, trace metal concentration, or complexation. The ionic strength, however. 

affects adsorbate activities in solution, as well as surface charge and double-layer capacitance 

of the hydrated particles. Increasing ionic strength usually increases the aggregation of 

suspended sediment. Increased aggregation, in turn, is likely to increase the time-dependent 

portion of sorption, reflecting the necessity of solute diffusion into interaggregate pores. 

Concomitantly, both the exterior surface area and the rapidly reversible component of 

sorption decrease. 

The effect of ionic strength on metals sorption has often been attributed to (I) change 

in the activity of free metals, such as Cd2
+ and Cd(OHt due to ion pair formation and ionic 

strength effect on pH (Garcia-Miragaya and Page, 1976; Davis and Leckie, 1978; Naidu, 

1995), (ii) competition for the sorption sites on clay surfaces (Garcia-Miragaya and Page, 
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1976; Homann and Zarrow, 1986), and (iii) change in electrostatic potential in the plane of 

sorption (Barrow, 1987; Naidu, 1995). 

Numerous investigations have attributed the effect of ionic strength to competition 

for adsorption sites between the adsorbing metals and index cation in the background 

electrolyte (Garcia-Miragaya and Page, 1976; Zhu and Alva, 1993; Homann and Zasoski, 

1987). But, the observed decrease in sorption of Cd with increasing ionic strength may not 

be entirely attributed to competition between index cations and adsorbing metal ion. 

Increasing the ionic strength increases the net surface negative charge by decreasing the 

positive charge below the PZC (Point of Zero Charge) and by increasing the negative charge 

above the PZC (Bolan et aI, 1986, Naidu et aI., 1995). However, increasing ionic strength 

always decreases cation adsorption above the PZC (Garcia-Miragaya and Page, 1976, 

Homann and Zasoski, 1987), since the effect of ionic strength on adsorption operates through 

its effect on electrostatic potential in the plane of adsorption, rather than through its effect on 

surface charge per se. 

Effect of Redox 

In soils, reducing conditions are caused by the absence of oxygen (anaerobic). This 

is caused by oxygen being utilized or consumed at a greater rate that it can not be transported 

into the soil system. This can be caused by water logged soils or soils contaminated with 

oxygen consuming compounds. The consumption could be either chemical or biological. The 

redox status of a soil may affect the valence of metals, the adsorption strength of redox-
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sensitive elements, and their transport. For instance, in slightly acidic to alkaline 

environment, Fe(III) is precipitated as a highly adsorptive solid phase (Ferric Hydroxide), 

while Fe(II) is very soluble and does not retain other metals. Cr(lV) may be reduced to 

Cr(ll) in sediments by reactions involving dissolving organic matter. Hexavalent Cr(VI) is 

both toxic and a very mobile ion while trivalent Cr(ll) is far less toxic, very insoluble, and 

strongly adsorbs to surfaces. In some cases, Se (IV) is mobile, but less toxic than Sr (IV) 

which is more toxic, but less mobile. In general, oxidizing conditions favor retention of 

metals in soils, while reducing conditions contribute to accelerated migration. 

Effect of Microbes 

There is a variety of microorganism in soils. The presence and growth of 

microorganisms may significantly affect the transport of metal in soils. It has been discovered 

that microorganisms can affect behavior of metals. The interactions between microbial and 

metals, which are described in several reviews (Brierley, 1990; Hughes et aI., 1989; Lester, 

1987; Volesky, 1990), include metal binding to the cell surface or within the cell wall, 

translocation of the metal into the cell, volatilization of the metal as a result of a 

biotransformation reaction, and the formation of metal precipitates by reaction with 

extracellular polymers or microbial produced anions such as sulfite or phosphate. The 

potential for microbial-mediated removal of metals from industrial discharge waters has been 

shown previously (Marques et aI., 1990). It was found that cadmium and uranium can be 

complexed by either microbial cells (DiSpirito et aI., 1983; Scott and Palmer, 1988) or 
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extracellular microbial polymers (Marques et aI., 1990). In recent years, the removal of 

metals from soils using microbial products has become an interesting research area. The 

potential use of microbial-produced surfactants (biosurfactants) to complex and remove heavy 

metals from soil has been investigated by Tan et aI. (1994) and Herman et al. (1995). 

2.3 Equilibrium Retention Models 

The retentions of metals in the soil determine the interaction between metals and solid 

phases. The retention and release reactions of metals in soils include ion exchange, 

adsorption Idesorption, precipitation/dissolution, and other mechanisms such as chemical or 

biological transformations. A number of models are used to describe sorption phenomena by 

the use of equation formula in nature. In the field of adsorption-relatively phenomena, several 

models have been advanced that can be classified as empirical or mechanistic models. All 

these models are expressed mathematically; this is inevitable because quantitative, rather than 

merely qualitative, predictions are generally desired. Mechanistic models are based on 

thermodynamic concepts that include the law of mass action, the law of chemical equilibrium, 

the principle of mass balance, and the principle of electroneutrality. An empirical model, 

however, may be developed using mathematical parameters that lack any apparent physical 

or chemical meaning. Part of a given mechanistic model may also be considered empirical if 

it contains a parameter whose magnitude cannot be definitively determined or whose 

physicochemical correlation is based on an unproven assumption. Several models commonly 
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used in transport of heavy metals in soils will be discussed and their applications analyzed in 

the following sections. 

Langmuir Equation 

The Langmuir equation is perhaps the best known equation due to its adherence to 

mass action laws and to its derivation being relatively easy and straight forward. Langmuir 

(1918) derived the equation by considering the rates of evaporation separately ( desorption 

) and condensation (adsorption) based on several assumptions. 

(1) 

The final equation can be expressed: 

[' KC 
max 

l+KC 
(2) 

where C is the concentration of A at equilibrium solution, r A is the amount of A on solid 

surfaces, rmax is the maximum adsorption capacity, K was the constant. The K and rmax are 

early determined by plotting ClrA versus C; the intercept equals IlKCax and slope equals 

The Langmuir sorption isotherm has been used extensively by scientists for several 

decades. Tranvis and Etnier (1981) provided a review of studies in which the Langmuir 

isotherm to describe P retention for wider range of soils was used. Moreover, Harter (1979) 

used it to describe the sorption of Cu and Pb by 30 soils in northeastern United States. The 
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Langmuir isotherm was also used successfully to describe Cd, Cu, Pb, Cr, and Zn retention 

over a wide range of soil types (John et aI., 1976; Cavallaro et al., 1979; Selim and Amacher, 

1988). 

Although the Langmuir equation is derived from well-understood mass action laws, 

and both the r max and K values can be determined independently, it does not describe any 

adsorption isotherm data due to precipitation or coprecipitation, multiple sorption layers 

instead of that a single chemical reaction. 

Freundlich Equation 

Freundlich equation was an empirical equation and was used to describe adsorption 

behavior of soil as early as 1859 by Boedker. Henrry (1922) finally derived the equation by 

assuming that the free surface energy is linearly related to the fraction surface coverage. It 

is certainly one of the oldest of the nonlinear sorption equations and has been used widely to 

describe solute retention by soils (Helffreich, 1962; Travis and Etnier, 1981; Murali and 

Aymore, 1983; Sposito, 1984, 1989; Butchter et aI, 1989). The common equation can be 

expressed as follows: 

S=K en 
f (3) 

where S is the concentration of mass on the solid surfaces, C is the concentration of the ion 

in solution at equilibrium, Kr is adsorption coefficient, and n is the exponent constant. 
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Numerous examples exist in the literature where the Freundlich isotherm has been 

used to describe the adsorption of solutes by the soil matrix. To mention a few, Garcia

Miragaya and Page (1976); levi-Minzi et al. (1976); and Street et al. (1977) found that 

sorption of Cd by soils could be described using the Freundlich isotherm. Sidle et al. (1977) 

used Freundlich sorption isotherms to characterize sorption of Cu, Zn, and Cd by a forest soil. 

Jarrell and Dawson (1978) found that molybdenum sorption fit the Freundlich isotherm. 

The major limitation of the Freundlich equation is that no maximum adsorption is 

predicted. One simple case is, when n=l, there is liner-relation between Sand C. This 

equation is early applied for predicting adsorption behavior at low aqueous concentration but 

generally overestimates the adsorption capacity of the particles at high aqueous 

concentrations of the adsorbates. This is because the total number of monolayer sites on the 

surface of a particle should be finite. An additional problem with the Freundlich equation is 

that it does not elucidate any physically tangible adsorption mechanism. Consequently, fitting 

the Freundlich isotherm curves to adsorption data does not really improve one's understanding 

of the adsorption phenomena. But, it is commonly used in transport model of metals because 

of its simplicity. 

Ion Exchange Models 

Ion exchange models can be derived by the principles of mass action, mass balance 

and type of surface reaction. For a surface reaction 

SB+Ar;SA+B (4) 



known as an ion exchange reaction, the equilibrium constant can be defined as 

K- [SA] (E) 
[SE] (A) 

which predicts adsorption of compound A to be 

r maxK{A) 

(B) +K{A) 
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(5) 

(6) 

For monovalent ion exchange, the final expression of ion exchange model varies in the 

proposed reaction ( Kerr, 1928b; Gapon, 1933). Two basic assumptions, therefore, 

determine how ion exchange will be predicted. First, a model that describes the chemical 

reaction must be proposed. Second, after applying the law of mass action to obtain K, the 

aqueous and solid phase activity values are not uniquely defined and must be estimated (Park, 

1984; Lane, 1983). 

Electrostatic Adsorption Models 

Electrostatic adsorption models account for electrostatic influence of charged 

surfaces on the solution and the influences of the charges in surface charge due to solution 

composition. The electrostatic adsorption models include the constant capacitance, diffusion 

layer, and triple-layer model. These methods treat trace metal surface reaction as 

complexation reaction analogous to the formation of complexes in solution. Thus, unlike the 

Freundlich equation, electrostatic adsorption models are developed based on the chemical and 
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physical properties on solid surfaces. Sometimes, these models are also called chemical or 

molecular models. 

Helmholtz (1879) developed an initial concept of the electrical double layer at the 

interface of the surface and liquid. 

(7 ) 

where C is capacitance density, 0 0 is surface charge, l/Io is surface potential. 

Gouy (1910) and Chapman (1913) further developed the advanced diffuse layer, and 

the equation can be expressed as: 

(a) 

where E is dielectric constant of the aqueous medium, Eo is permittivity of free space, F is 

Faraday's constant, RT is energy terms, and I is ionic strength. 

The Stem (1924) developed diffuse double-layer, DDL and triple-layer based on these 

two equations. 

The concentration of adsorptive species I at a point x is expressed by Boltzmann 

expression: 

(9) 
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(lO) 

Substitute 9 to 10 

(ll) 

where q is the amount of ion on solid, nOi is total the amount of ion added, V w is volume of 

liquid, em is the concentration of ion in bulk solution, F is the Faraday constant, R is the molar 

gas constant, a(x) is the average electric potential at x. 

The big advantage of electrostatic adsorption models is that they can provide much 

more chemical information on the surface and provide the mechanism of adsorption of cations 

on the surface by using these models. These models can predict well the adsorption of cations 

on amorphous metal oxides, pure oxide system and some aquifer material spiked with trace 

metal cations. 

Although these models are derived based on physical and chemical properties on solid 

surfaces, it is impossible to get accurate information from the soil, which is mixture of organic 

and inorganic phases and often nonhomogeneous. They are not commonly used in transport 

of metals in soil or subsurface soil due to their complexity. 
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2.4 Kinetic Sorption Models 

As discussed earlier, the equilibrium retention model is based on equilibrium 

conditions. Many studies have shown that the most soil processes are never at equilibrium. 

Soil systems are dynamic and are thus constantly changing. Retention reactions in soil 

solution have been observed to be strongly time dependent (e.g., phospholUs, several heavy 

metals, and organics). Dudley et aI. (1988) studied adsorption kinetics of Cu, Cd and Zn on 

a calcareous soil. They found that Cu reached equilibrium within a few hours whereas Cd and 

Zn did not approach steady state conditions for 144 hours. The kinetic dependence of Cd 

retention was investigated in several soils (Selim, 1989). The amount of Cd retained varied 

among soils. The fast decrease in Cd concentration with time indicates a fast-type sorption 

reaction followed by slower type reaction. A plot of concentration of Cu in solution versus 

time showed an initial rapid release of the Cu followed by a slow reaction (Lhmann and 

Harter, 1984). They interpreted these results to indicate that Cu was held at two sites: the 

rapidly released Cu being loosely held on the soil surfaces and the slowly released Cu being 

tightly bound. 

Kinetic studies are being more widely researched because of their importance in 

determining the transport of metals in soil systems. Many mathematical transport models now 

allow a kinetic term for sorption. A number of empirical models have been proposed to 

describe kinetics retention of solutes in the solution phase. Several models, which are 

commonly used in transport of metals in soils, are discussed below. 
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First-order Kinetic Reaction 

The earliest model is the first-order kinetic model, which was first incorporated into 

the classic (advective-dispersive ) transport equation by Lapidus and Amundson (1952). 

as 
p-=k eC-k pS at f b (12) 

(13) 

where kr and kb are the forward and backward rates of reaction, respectively. This first-order 

reversible kinetics has also been extended to include the nonlinear kinetic type (Mansell et aI., 

1977).where n is dimensionless parameter commonly less than unity and represents the order 

of the nonlinear reaction. 

The Kinetic product model (Enfield, 1974), Bilinear adsorption model, and mass 

transfer model have been reported to describe kinetic sorption of metals based on first-order 

reactions. 

Multiple-Reaction Models 

The two sites model, which proposed by Selim et aI. (1976), is one of the earliest 

multireaction models. This model was developed to describe observed batch results that 

showed rapid initial retention reactions followed by slower types of reaction. The model is 

based on several simplifying assumptions including that a fraction of the total sites (refereed 



36 

to as type I sites) reacts rapidly with the solute in soil whereas type II sites are highly kinetic 

in nature and react slowly with the soil solution. The retention reactions for both types of 

sites were based on the nonlinear, reversible kinetic approach. The equation can be expressed 

as: 

(14) 

(15) 

where S. and S2 are the amount retained by sites I and sites II, respectively. The k., k2' k3' and 

k4 are the associated rate coefficients. The nand m are nonlinear parameters. The 

multireaction models and second-order models are also developed to describe the transport 

of metals in soils, as well as models mentioned above. 

2.5 Transport of Metals in Soil 

The interactions of dissolved chemicals and their transport in the soil profile playa 

significant role in their leaching losses beyond the root zone, availability for uptake by plants, 

and the potential contamination of groundwater supplies. The ability to predict the mobility 

of dissolved chemical in the soil is of considerable value in managing land disposal of wastes 
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and in fertilizer applications. Such predictive capacity requires knowledge of the physical, 

chemical, and biological processes influencing solute behavior in the soil environment. 

Until now, a number of the theoretical models for solute transport in porous media 

have been proposed. One group of models deals with solute transport in well-defined 

geometrical system, such as models assume a soil matrix of uniform spheres, rectangular or 

cylindrical voids, and discrete aggregate or spherical size geometries. Solutions of these 

models are analytic, often complicated, and involve several numerical approximating steps. 

In contrast, the second group of transport models consists of empirical models that do not 

consider well-defined geometries of the pore space or soil aggregates. Rather, solute 

transport is treated on a macroscopic basis, with the water flow velocity, hydrodynamic 

dispersion, soil moisture content, and bulk density being treated as the associated parameters 

that describe the soil system. The advective-dispersive equation is commonly used in these 

models. 

Fundamental of Transport 

The simplest chemical transport processes in soil are those involving nonvolatile 

dissolved solutes that neither react nor adsorb to soil surfaces. The classical one-dimensional 

advective-dispersive equation based on assumptions of homogenous porous media, steady-

state flow, and local equilibrium can be expressed as follows: 

(16) 
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where C is the concentration of solute in liquid, D is the diffusion/dispersion coefficient, and 

v is the average velocity. The dispersion/diffusion coefficient is usually defined as 

Do 
D=()(v+

t 
(17) 

where a is the dispersivity, Do is the fluid phase diffusion coefficient, and t' is a factor 

accounting for the tortuosity of porous medium. The first and second terms on the right-hand 

sides of equation (16) represent the contribution of axial diffusion and mechanical mixing 

respectively, to total dispersion. 

If the solute is a reactive solute, the model that includes retention and release reaction 

in solute with soil matrixes is defined as: 

(18) 

where S is the solute mass concentration in the solid phase, p is the bulk density, and e is the 

water content. 

The above equation is commonly known as the advective-dispersive equation for 

solute transport, which is valid for soils under transient and local equilibrium. The form of 

solute retention reaction in the soil system must be identified if prediction of the fate of 

reactive solutes in the soil using the advective-dispersive equation (18) is sought. One 

common problem associated with transport of solute in porous media is to choose and 

incorporate the retention model into the equation (18), such as the Freundlich, Langmuir, Ion 
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exchange models and Retention kinetic models. Although there are many sorption models 

for describing retention of solutes, the description of metals sorption in soil remains often 

empirical in nature, and chemically meaningful models are difficult to employ, since soils can 

be viewed as mixtures of pure substances, which form a chemically heterogeneous system that 

is not well defined. Because of the shortcomings of chemical models such as surface 

complexation, empirical approaches are commonly used to describe sorption and mobility of 

heavy metals in soil during their transport. The partition mechanism is widely accepted and 

used to describe retention of nonionic organic compounds. The sorption of organic 

compound can be simply described by linear equation (S=KdC). However, sorption of heavy 

metals is often nonlinear, particularly in high concentration. The retention of metals in 

transport has been described with the Freundlich isotherm (Sidle et aI., 1977; Poelstra et aI., 

1979; Swartjes et al., 1992; Stollenwerk and Kipp, 1990.) and the Langmuir isotherm (Mayer, 

1978). Ion exchange equilibrium has also been employed to describe sorption of heavy metals 

in soils (Selirn et aI., 1992). Kinniburgh (1986) showed that other isotherms are often more 

suitable to describe solute sorption in soils. Recently, variable selectivity coefficient has been 

applied to the transport of major cations in soils (Mansell et aI., 1988). However, the 

Freundlich equation is perhaps the simplest approach for quantifying the behavior of retention 

of reactive solute with the soil matrix. 

Under conditions of local equilibrium, sorption singularity and linear, the equation can 

be reduced by introducing the retardation factor R: 

(19) 



Substitute (20) into (18) 

as ==K ae 
at d at 
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(20 ) 

(22) 

(21) 

Under conditions oflocal equilibrium, nonlinear sorption, the sorption of solute in soil 

can be similarly described by the Freundlich equation: 

S==K en 
f 

where R is the retardation factor, a function of concentration of solute. 

Nonideal Transport 

(23) 

(24) 

In view of asymmetrical and nonsigmoidal BTCs reported for a number of inorganic 

ions (Jardine et aI., 1985; Schulin et aI., 1986; and Selim, 1992), as well as for organic 
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compounds (Brusseau and Rao 1989), the validity of the local equilibrium assumption has 

been questioned in recent years. 

It is possible, under many situations, that more than one factor may contribute to 

non ideal transport of sorbing solute, such as nonlinear sorption, rate-limited 

sorption/desorption, presence of immiscible liquids, structured/locally heterogeneous porous 

media and so on (Brusseau, 1989; 1994). Nonlinear sorption, heterogeneous porous media 

and sorption nonequilibrium have been grouped as the major contributions to nonideal 

transport of metal at the macroscopic scale. 

Nonlinear sorption 

Nonlinear sorption isotherms for inorganic chemical such as heavy metals, as well as 

many polar organic, have been found by many researchers. Nonlinear sorption can 

significantly cause asymmetrical breakthrough curves and concentration-dependent 

retardation factors ( Rao and Davidson 1979; Crittenden et aI., 1986; Brusseau and Rao 

1989). 

For nonlinear sorption, the retardation factor, R depends on concentration of solute, 

C and exponent n. When n=l, sorption isotherm is linear, and Kd is independent of Co, and 

R is constant. When n<l, ~ decreases as Co increases, and R, therefore, decreases. On the 

contrary, when n> 1, Kd increases as Co increases, and R, therefore, increases. 

The value of n can also have a significant impact on the shape of breakthrough curves. 

For n< 1, low nonlinearily sharpens the breakthrough front and spreads the elution front, 
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because ~ is dependent on concentration. In breakthrough front, ~ decreases and solute 

velocity increases as C increases. This means that solute nearer to the source, where 

concentration is higher, will travel faster than solute that is further away. In the elution front, 

~ increases, and velocity, therefore, decreases as C decreases. This means that solute nearer 

to the source, where concentration is now low, will travel slower than solute at leading 

perimeter. 

For n > 1, the effect is the opposite of the discursion above. The breakthrough curve 

front will be spreading and elution front will be self-charpening. 

For n=l, sorption becomes a linear. There are no "spreading or charping effects". 

Rate-limited sorption/desorption 

Most transport models are based on the so-called local equilibrium assumption, which 

specifies that interaction between the solute and the sorbent is so rapid in comparison to 

hydrodynamic residence time that the interaction can be considered instantaneous. According 

to many reports, the adsorption and desorption of both organic and inorganic chemicals in soil 

can be significantly rate-limited (Lee, et aI., 1988; Brusseau, et aI., 1991a, b; Jardine et aI., 

1993; Kookana, et aI., 1994). 

Sorption of trace elements including cadmium on synthetic iron oxides and other 

variable charged surfaces has been shown to be rapid for the initial followed by a much slower 

reaction (Brummer et al. 1988; Gerth et aI., 1993; Selim, et aI., 1989). Similarly, Fuller and 

Davis (1987) noted that Cd sorption on a calcareous aquifer sand followed two reaction 
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steps, where the second slower step continued for seven days. Some indications of the 

presence of sorption nonequilibrium during Cd transport in miscible displacement studies have 

also been reported in soils (Boekhold and Vander Zee, 1992) and in clay-humic acid mixtures 

(Campbell et aI., 1987). 

Many researchers in recent years have been interested in the mechanisms responsible 

for rate-limited sorption/desorption. This rate-limited sorption/desorption can result in both 

chemical nonequilibrium and intrasorbent diffusion. Chemical nonequilibrium results from 

rate-limited interactions between the solute and specific sorption sites of sorbent. Sorption 

of low-polarity, hydrophobic organic chemicals is generally not affected by chemical 

nonequilibriurn, because of its non-site-specific nature (Chiou et aI., 1979; Karickhoff, 1981; 

Brusseau and Rao, 1989a). Conversely, nonhydrophobic organic chemicals and inorganic 

solutes may be influenced by chemical nonequilibrium. Nonequilibrium resulting from 

intrasorbent diffusion (intraorganic matter diffusion and intramineral diffusion) involves the 

diffusive mass transfer of sorbate within the sorbent matrix. Rate-limited sorption/desorption 

of inorganic chemicals has been reported to be caused by intrasorbent diffusion (Hodges and 

Johson, 1987; Wood et aI., 1990) and chemisorption (Pickens et aI., 1981; Jardine et. aI., 

1985). 

Many experimental and theoretical studies have shown that rate-limited 

sorption/desorption can cause non ideal transport. This nonideality can take the form of 

asymmetrical breakthrough curves exhibiting early breakthrough and long tailing, as well as 

decelerating plumes. 
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The two~site model was developed to describe the rate-limited sorption transport by 

Selim et al. (1976). This model is based on several simplifying assumptions. First, it is 

assumed that a fraction of the total site (referred to as type I sites) react rapidly with the 

solute in soil solution, and type II sites are highly kinetic in nature and react slowly with the 

soil solution. The retention reactions for both types of sites were based on the nonlinear, 

reversible reactions. The two-sites sorption mechanisms may be expressed as: 

where C is the concentration of solute (M L-3), S I is the sorbed-phase concentration (M M- I
) 

for equilibrium sites, and S2 is the sorbed-phase concentration (M M- I 
) for kinetic sites. The 

total sorbed concentration is given by: 

s =S +S =K en=FK en+(l-F)K en 
T 1 2 f f f 

The two-sites sorption model may by written in the following nondimensional form: 

R=l +K e (n-l) E. 
foe 

(27) 

(28) 

(29) 



where the variables for the model are obtained as follows: 

P=vL/D 

T=vt/L 

X=z/L 

R=l +K C n-l p /8 
f 0 

w = k2 ( 1 -!3 ) RL / v 
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(30a) 

(30b) 

(300) 

(30d) 

(30e) 

(30£) 

(30g) 

(30h) 

where Co is the input concentration (M L-3
), P is the peclet number, R is the retardation 

factor, P is the fraction of instantaneous retardation, and w is the Damkohler number, which 

is the ratio of hydrodynamic residence time to characteristic the time for sorption. 

The two-site model has been used by many scientists, including De Camargo et aI. 

(1979), Nkedi-Kizza et al. (1984), Jardine et al. (1985), Schulin et al. (1986), Parker and 
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Jardine (1986), Brusseau and Rao (1989), and Kookana et al. (1994). The model proved 

successful in describing the retention and transport of several dissolved chemicals, including 

cadmium, calcium, magnesium, aluminum, potassium, phosphors and organic solutes such as 

2,4-D, atrazine and methyl bromide. However, there are several inherent disadvantages of 

the two-site model. First, the reaction mechanisms are restricted to those that are fully 

reversible. Moreover, the model does not account for possible consecutive-type solute 

interactions in the soil system. Recent modifications of this model are incorporation of 

nonlinear reversible kinetic and first-order degradation (van Genuchten and Wagenet, 1989; 

Selim et aI., 1992). The two-site approach was further developed to a multireaction model 

(Amacher et aI., 1988; Selim et aI., 1992), a second-order two-site model (Selim and 

Amacher, 1988; Ma and Selim, 1994a), and a modified two-region approach model (Selim 

and Ma, 1995). 

Structuredlheterogeneous media 

The impact of structured media, including aggregates, macropores, fractures, and 

microstrata or laminae of varying hydraulic conductivity, on the nonideal transport of solutes 

has been studied by many researchers (Passioura, 1971; van Genuchten and Wierenga, 1977; 

Rao et aI., 1980b; Nkedi-Kizza et aI., 1983; Sudcky et aI., 1985; Southworth et aI., 1987; 

Brusseau et al, 1990, 1993). The existence of regions of smaller hydraulic conductivity within 

the flow domain creates a spatially variable velocity field, with minimal flow and advection 

occurring through the small-conductivity domains. Because of the small advective flux, these 
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domain acts as sink/source components, with rete-limited diffusional mass transfer between 

the advective and nonadvective domain causing dispersion of the solute front. Solute 

transport, as described by breakthrough curve, in such systems is characterized by early initial 

breakthrough and by tailing or delayed approach to relative concentration values of either 0 

or 1. 

Various models developed to simulate such BTCs have been reviewed by several 

workers (Nielsen et aI., 1986; Brusseau and Rao, 1989; Selim, 1992). The most common 

approach to describe such systems is the bi-continuum approach (two-domain/two-region). 

The two region physical mass transfer model for sorbing solutes was developed by Van 

Genuchten and Wierenga. This model conceptualizes the presence of two pore water 

domains in soil, a mobile region and an immobile region. Advective-dispersive transport is 

assumed to occur only in the mobile region, and the mass transfer into or out of the immobile 

region is time-dependent. The actual sorption in both mobile and immobile regions is 

assumed to be an instantaneous, linear and a reversible process. The mass transfer from a 

mobile to an immobile domain is controlled by the first-order equation. 

oC. oS. 
e. ~+p(l-f ) (~) =cdC -c. ) 
~m ot m ot m ~m 

(31) 

where fm is the fraction of active sites in the mobile region, a is the coefficient of mass transfer 

(TI) and subscripts m and im represent mobile and immobile domains, respectively. 

oC' +([3R-l)C.n-10C· +(l-[3)RoS' =~ 02C' _oC 
oT oT oT P ox2 oJ! 

(32) 



where the variables for the model are obtained as follows: 

P=v L/D m m 

T=v <P t/ L m m 

X=z/L 

R=l+K C(n-l)p/8 
f 

~=(8 +fpKC(n-l))/(8+pKC(n-l)) 
m f f 
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(33) 

(34a) 

(34b) 

(34c) 

(34d) 

(34e) 

(34£) 

(34g) 

(34h) 

(34i) 
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To compare (27) and (32), despite the differences in the conceptual approach of two

sites (chemical process model) and two regions (physical process model), they are 

mathematically indistinguishable. Both models can be put into exactly the same mathematical 

form by introducing dimensionless variables. Nkedi-Kizza et al (1984) presented a detail 

discussion on the equivalence of the mobile-immobile and the equilibrium-kinetic two-site 

models. 

Multiprocess nonquilibrium transport 

It is possible that nonequilibrium or nonideal transport is caused by more than one 

process, especially at the field scale. As we discussed early, physical nonequilibrium and rate

limited have been grouped as the major contributors to nonideal transport of solute at the 

macroscopic scale (Brusseau and Rao, 1990). A model that accounts for mUltiple sources of 

nonequilibrium would be required to represent these systems accurately. Selim and Amacher 

(1988) combined both chemical and physical nonequilibrium approaches. They developed 

second-order kinetic approach, which was incorporated into the two-region model. Brusseau 

(1989) presented another model to incorporate multiple sources of nonideality. In the model, 

the processes responsible for nonequilibrium are grouped into two general classes: 

Transport-related nonequilibrium, referred to as physical nonequilibrium, results from the 

existence of two domains (mobile and immobile), and sorption-related nonequilibrium, results 

both from chemical nonequilibrium and introsorbent diffusion. Unlike the bicontinuum 

approach mentioned above, the application of the model designed mUltiprocess 
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nonequilibrium would yield discrete kinetic terms, each representing individual nonequilibrium 

processes. The mUltiprocess nonequilibrium model has been successfully used to predict the 

transport of solute in the presence of multiple sources of nonequilibrium (Brusseau, 1991, 

Brusseau, 1992; Brusseau and Zachara, 1993; Hu, 1995). 
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CHAPTER 3: PRESENT STUDY 

Two soils were used in this study. One (Borden) is a sandy subsoil collected from the 

Canadian Air Force base in Borden, Ontario. The second subsurface soil (Hayhook series), 

which was collected from a 25-50 cm depth in the horizon, classified as coarse-loamy, mixed, 

non-acid thermic typic torriorthent, was used in this study. The basic properties of the soils 

are present in appendices. All of them are subsurface soils, but there are different contents 

of clay. The soils were dried at room temperature in a low humidity environment, then 

passed through a 2-mm sieve and stored in polyethylene bottles. 

Most of the methods, results and conclusions of this study are presented in the 

manuscripts appended to this dissertation. However, some results and conclusions in this 

study may not have been included, and methods used in the study may not have been 

discussed in detail in the appendices since the length of the papers for publication is limited. 

The following is a summary of the most important findings in this study, including those that 

may not be presented in the appendices. 

3.1 Materials and Methods 

In this study, most of the results have been derived from the miscible displacement 

method, as well as batch experiment. A diagram of the miscible displacement apparatus with 

which many experiments were conducted is shown in Figure 1. 
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The column used in this study is Plexiglass, which is 2.77 cm in diameter, and 10-cm 

length, and it was obtained from Soil Measurement Systems, (Tucson, AZ). Nitex nylon 

screen, 360 filaments/inch (Tetko Inc., Briarcliff Manor, NY.) was used as a barrier between 

the soil and the column ends in the inner portion of the column. CTFE chromatograph tubing 

and fitting were used for all connections (Kontes Scientific Glasswarellnstruments, Vineland 

N.J.). The preweighed columns were homogeneously packed in small increments until the 

whole the column was filled. The bulk density of the column was calculated by the following 

equation: 

where WI is the weight of the empty column, W2 is the weight of the column filled with soil, 

Vo is the volume ofthe column. Then, soil columns were wetted from the bottom with 0.01 

mol L- I KN03 at a flow rate of 0.2 ml/min using an SSI Model 380 liquid chromatograph 

pump (Scientific Inc., SSI, State College, PA). This was done to remove the entrapped air 

and to ensure soil-water saturation. After the column was fully wetted, the fluid flow rate 

was increased at small intervals of several hours until it reached 1.0 ml/min. After the soil 

column was completely saturated by 0.01 mol L- I KN03, the wet column was weighed again. 

The water content of soil was computed by: 

w -w -v e- wet dry 

Vo 
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where W wet is the weight of the soil column saturated with 0.01 mol L-1 KNq ,~ry is the 

weight of the dry soil column, and v is the dead volume in the soil column. 

To investigate the hydrodynamic properties of soil columns, both tritiated water and 

PFBA (pentafluorobenzoate) were employed as nonadsorbed, conservative tracers to 

characterize soil column properties in the miscible displacement experiment (see Appendix 

A for detail). The 5 nCi mL-1 oftritiated water or 100 mg L-1 PFBA with 0.01 mol L-1 KN03 

was injected into the soil column at a rate of 1.0 mlImin. After three pore volumes were 

injected, the solution injected was shifted to 0.01 mol L-1 KN03 background electrolyte 

solution. For tritiated water, the effluent was collected using an automatic fraction collector 

(Retriever 500, ISCO, Inc.) for 2.0 ml/tube. The activity of tritiated water in the effluent 

fraction was measured by radioassay using liquid scintillation counting techniques ( Packard, 

Tri-Carrb Liquid Scintillation Analyzer, Model 1600TR, Packard, Meriden, CT_). For PFBA, 

the effluent concentration of PFBA was monitored at 250 nm with a variable-wavelength UV 

detector (Gilson, Model 115, Middleton, WI) connected to a strip chart recorder (linear; 

Model 1200). As it was mentioned, the electrolyte solution, 0.01 KN03 has to be used as 

background and reading was adjusted to zero because KN03 has a sorption at 250 nm range. 

The retardation factor Rand peclet number P were optimized by using a nonlinear, least

aquares optimization program (Van Genuchten, 1981). 

Atomic Adsorption Spectrophotometer (Model 503, Perkin-Elmer corporation 

Norwalk, Conn. 06856) was employed to determine cadmium, nickel, strontium, and 

calcium. The standard solutions for AA were prepared from AA stock solutions (Fisher 
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Scientific). The oncentrations of calibration curves were 0.5 to 5 mg/L for Cd, Ni, Sr, and 

Ca. 

Sodium, K and Mg were determined using same AA with emission function. The 

concentrations of calibration curve were 1.0 to 10.0 mg/L. 

3.2 Results and Conclusions 

Hydrodynamic Properties of Soil Column 

The tritiated water and PFBA were successfully used to investigate the properties of 

soil columns. Porous medius in soil columns in this dissertation were homogenous and 

physical equilibrium. The tritiated water and PFBA experiments provided almost identical 

breakthrough curves (see Appendix A for more detail). The results of transport experiments 

with a conservative tracer showed that the hydrodynamic property was changed, as measured 

before or after that soil column was loaded with metals. The Peclet number P of soil column 

was 28.8 when the soil column was equilibrated with 0.01 mol L- 1 KN03• However, the 

Peclet number P of soil column was decreased to 7.4 when the soil column was contaminated 

by Cd(N03)2 (Figure 2). Apparent resistance of the soil column was reduced and the flow 

rate was increased from 1.05 to 1.12 mUmin. Observed change of dispersion (Peclet number 

decrease) may result from the change of the double layer on soil particle surfaces. When Cd 

was introduced into soil, the K was displaced by adsorption of Cd, the double layer on clay 

surfaces was reduced due to divalent Cd instead of monodivalent K on solid surface. The soil 

was aggregated and the clay fraction was redistributed. 
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Transport of Heavy Metals 

The transport behavior of Cd, Ni, and Sr in subsurface soil was investigated (See 

Appendix A). The sorption of Cd, Ni, and Sr was nonlinear and can be well described by the 

Freundlich equation. Transport of Cd, Ni, and Sr in columns packed with the soil was 

retarded by ion exchange. Electrostatic adsorption was the major contributor to the sorption 

of these elements. The retardation factor of heavy metals was much higher in the soil with 

the high clay content than with the low clay content. The breakthrough curves of Cd, Ni and 

Sr exhibited nonideal behavior. The results of both analysis using a model that included 

various combinations of instantaneous, rate-limited, linear, and nonlinear sorption and Flow

interruption experiments suggested that nonlinear sorption was the major cause of nonideal 

transport, and that rate-limited sorption was minor component. Cadmium and Ni transport 

were significantly enhanced when Cd and Ni were introduced into the soil column together 

in comparison to the single-solute experiments. 

Desorption of Metals by Fulvic Acid 

The use of fulvic acid to facilitate desorption of metals in Hayhook soil was 

investigated. When the soil column was equilibrated with 0.01 mol L-1 KN03, 20 mgIL 

concentration of fulvic acid prepared with 0.01 mol L-1 KN03 was introduced into the soil 

column. After 290 pore volumes of 20 mgIL fulvic acid was introduced, the solution injected 

was changed to 80 mg/L fulvic acid instead of 20 mg/L fulvic acid, then after injecting 

several pore volumes of 80 mg/L, the solution injected was shifted back to 20 mg/L fulvic 
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acid. The elution curves of Cd by fulvic acid are presented in Figure 3a and b. It was found 

that 20 mg/L fulvic acid did not enhance desorption of Cd in comparison with 0.01 mol L- 1 

KN03• The Cd desorption was slightly retarded by the presence of the fulvic acid. It is 

interpreted that the fulvic acid and cadmium-fulvic acid-complexes were adsorbed onto the 

soil and the concentration of Cd in solution was reduced. However, when concentration of 

fulvic acid was increased to 80 mg/L, the desorption of Cd was significantly increased ( an 

apparent peak in Figure 3a). These two opposite phenomena were also found by Milczarek, 

(1994) in both the batch and column studies. 

Facilitated Desorption of Heavy Metals by Calcium 

The desorption and removal of Cd and Ni in a subsurface soil (Hayhook series) were 

investigated using batch and miscible-displacement experiments (see Appendix B). It was 

found that Ca significantly competes adsorption sites with Cd and Ni. The adsorption of Cd 

and Ni on the soil was dramatically decreased in the presence of 2.5 or 5.0 mmol L- 1 

Ca(N03h. This resulted in the enhanced transport of Cd and Ni through the soil columns. 

This effect was attributed to the competition between Ca and these metals for exchange sites 

on the soil surface. The removal of Cd adsorbed to the soil also increased significantly with 

increasing concentrations of CaCI2• It was shown that CI- ion significantly enhanced the 

mobility of Cd in the soil by forming a series of charged or uncharged Cd complexes that are 

only weakly adsorbed. The optimum concentration of CaCI2 used to displace Cd efficiently 
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was about 5.0 mmol L'! for the Hayhook series soil. The position of the Cd elution peak was 

related to the nonlinear sorption behavior of Ca (see Appendix B). 

The ion exchange reaction processes in the soil column during desorption of Cd by 

Ca were further investigated. The concentrations of Ca, Cd, K, Mg and Na in the effluent 

solution were monitored during introducing 2.5 mmol L'! CaCI2 alone and 2.5 mmol L'! CaCI2 

with 0.01 mol L'! KN03• The elution curves of Cd, K and breakthrough curves of Ca are 

presented in Figure 4 when using 2.5 mmol L'! CaCl2 alone. The concentrations of Mg and 

Na were below the detection limits of AA. In the initial 38 pore volumes, Ca was completely 

adsorbed on the soil. The concentrations of Cd and K immediately dropped in the first I pore 

volume due to dilution of K and Cd by CaCI2, then K and Cd were released as a constant 

individually. While the concentration of K decreased, the concentration of Cd increased. The 

concentration of Cd reached maximum, when both K and Ca were close to zero. After that, 

the concentration of Cd was decreased with increasing concentration of Ca. When the 

concentration of Ca reached maximum, the concentration of Cd was close to zero. These 

results implied that interaction among Ca, Cd, and K in the soil column might be dominated 

by ion exchange reaction. To prove this, the breakthrough curves of Ca, Cd, and K were 

plotted as milliequivalent L'! vs. pore volumes (Figure 5). The adsorption curve of Ca was 

almost reverse desorption curve of the sum of Cd and K release. The amount of Ca 

(milliequivalent units) adsorbed was as much as that of the sum of Cd and K. The elution 

curves for Cd and K, and breakthrough curve for Ca by injection of 2.5 mmol L'! CaCI2 with 

0.01 mol L'! KN03 are shown in Figure 6 and 7. The concentrations of K and Cd did not 
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drop in the first I pore volume due to the presence of 0.01 mol L-1 KN03 in injection solution. 

A similar ion exchange behavior in the soil column was observed in both cases. Table 1 

provides that mass balance of cations in the soil column. In this soil, Cd occupied only 40% 

of CEC, the rest of CEC was occupied by K since 0.01 mmol L- 1 KN03 was used as 

background electrolyte solution. It was postulated that the Ca injected initially preferred to 

react with some sorption sites that did not contain Cd. As these sites were saturated with Ca, 

the free Ca would gradually be replaced in Cd saturated sites. 

The elution curves of Cd and breakthrough curves of Ca with or without 0.01 mmol 

L-1 KN03 background electrolytes are presented in Figure 8. Both the elution curve of Cd 

and the adsorption curve of Ca with a background electrolyte arrived earlier than that of Cd 

and Ca without a background electrolyte. Obviously, the desorption of Cd was increased in 

the presence of KN03• This was due to two factors, one being that K competes for 

adsorption sites with Cd and the other being change in electrostatic potential in the plane of 

sorption. 

In situ remediation of metals requires the use of few pore volumes to remove metals 

as fast as possible. The desorption of Cd use a high concentration of Ca is presented in 

Figure 9. The maximum concentration of Cd reached 33 times higher than initial 

concentration of Cd. Almost 90% Cd adsorbed was desorbed after injecting 5 pore volumes 

of 50 mmol L-1 CaCl2 (Figure 10). The efficiencies of desorption of Cd by using different 

concentrations of Ca are summarized in Table 2. 
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Table 1. Proportion of Cations in the Soil Column 

Cone. of Ca used 1.25 mM 2.5 mM 5.0mM 

CEC (meq.llOOg) 6.56 6.56 6.56 

Cd-adsorbedo (meq.llOOg) 2.68 2.65 2.68 

Ca-adsorbedb (meq.ll00g) 1.76 1.59 1.82 

Cd+Ca (meq.llOOg) 4.44 4.24 4.50 

K (meg.llOOg) 2.12 2.32 2.06 

a Cd-adsorbed refers the amount of Cd adsorbed to the soil before desorption 
experiment. 

b Ca-adsorbed refers the amount of Ca injected before significant amounts of Cd 
were release during desorption experiment. 
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Table 2. The Pore Volumes Required to Remove 50% and 90% 

of Cd-adsorbed in Soil Column 

Chemicals (mmol Lot) 50% 90% 

1O.OKN03 72 690+ 

1.25 CaCI2 73 112 

2.5 CaCI2 37 63 

5.0 CaCl2 21 55 

5.0 Ca(N03h 25 100 

10.0 CaCI2 8 15 

50.0 CaCl2 2.8 13 

20.0 mg/L Fulvic Acid 133 800+ 
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Comparison of Desorption of Cd in Different Soil 

The desorption of Cd by Ca in another subsurface soil, called Borden soil, was also 

investigated. The desorption curves of Cd by 25 and 50 mmol L-1 CaCl2 in Borden soil are 

shown in Figure 11 and 12. To compare the Borden with the Hayhook soils, the Cd adsorbed 

in the Borden soil was much easier to remove than that in the Hayhook soil, since the Borden 

soil is more sandy than the Hayhook soil, and adsorption capacity of Cd was less in Borden 

soil than in the Hayhook soil (Figure 13). 
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Abstract 

The sorption and transport of Cd, Ni and Sr in subsurface soils (Hayhook series and 

Borden) were investigated using batch and miscible-displacement experiments. The sorption 

isotherms of Cd, Ni and Sr were strongly nonlinear and well described by the Freundlich 

equation (S=KrC"). Electrostatic adsorption was found to be the major contributor to the 

sorption of these elements. The breakthrough curves of Cd, Ni and Sr exhibited nonideal 

behavior, and were analyzed using a model that included various combinations of 

instantaneous, rate-limited, linear, and nonlinear sorption. The model incorporating both 

nonlinear and rate-limited sorption provided the best simulation of the data. Flow

interruption experiments were conducted to identify the controlling process. The results 

indicated that nonlinear sorption was the major cause of non ideal transport, and that rate

limited sorption was a relatively minor component. Cadmium and Ni transport were 

significantly enhanced when Cd and Ni were introduced into the soil columns together in 

comparison to the single-solute experiments. 
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1. Introduction 

The fate of heavy metals emanating from hazardous waste sites, landfills, and other 

such sites has become a major of environmental issue. A survey of 395 remedial action sites 

revealed that heavy metals were the single most prevalent class of contaminants (EPA, 1984). 

Heavy metals sorbed to soil can be gradually released into groundwater through the action 

of abiotic or biotic processes, thereby posing a threat to drinking water supplies. For this 

reason, the transport of heavy metals is of great interest. 

Transport of contaminants in soils and aquifers is often nonideal (e.g., Brusseau, 1994). 

Asymmetrical and nonsigmoidal breakthrough curves have been reported for metals (Pickens 

et al., 1981; Jardine et al., 1985; Schulin et al., 1986; Selim et aI., 1989; Selim, 1992), as well 

as for many organic compounds (e.g., Brusseau and Rao 1989). The nonideal transport of 

some metals has been found to be caused by rate-limited sorption (Jardine et aI., 1993; Hinz 

et al., 1994; Kookana, et al.; 1994). It is possible, under many situations, that more than one 

factor many contribute to nonideal transport of heavy metals. Such factors may include 

nonlinear sorption, rate-limited sorption/desorption, and structured/locally heterogeneous 

porous media. It appears that little information has been reported to evaluate the combined 

effects of rate-limited and nonlinear sorption on transport of heavy metals. The objectives of 

this study are to evaluate these effects and to identify which factor controls non ideal behavior. 
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Two soils were used in this study. One is a sandy subsoil collected from the Canadian 

Air Force base in Borden, Ontario. The second (Hayhook series), which was collected from 

a 25-50 cm depth in the C horizon, is classified as a coarse-loamy, mixed, non-acid thermic 

typic torriorthent. The soils were dried at room temperature in a low humidity environment, 

then passed through a 2-mm sieve and stored in polyethylene bottles. Basic properties of the 

soils are listed in Table 1. 

2.2. Batch Experiments 

Sorption isotherms of Cd, Ni and Sr were measured at 25 DC using batch methods. 

All experiments were conducted with the use of 0.01 mol L-1 KN03 as an electrolyte solution. 

Duplicate 2.5 g samples of soil were placed in preweighed polypropylene tubes, mixed with 

20 ml of 1.0 mol L- KN03 and shaken overnight. The suspensions were centrifuged at 10,000 

rpm, and the supernatants discarded. The remaining soil was washed twice with 0.01 mol L- 1 

KN03• Finally, the tubes containing soil and residual solution were weighed to calculate 

residual volume of 0.01 mol L-1 KN03• Aliquots ( 20ml ) containing different initial 

concentrations of metals ( 0.15, 0.25, 0040, 0.50, 0.75 , 1.00, 1.50, and 2.00 mmol L-1 of Cd, 

Ni or Sr ), which were prepared with 0.01 mol L-1 KN03 ' were then added to the tubes. 

Preliminary experiments showed that sorption of the metals was completed within two hours. 

Hence, the solutions were shaken for two hours and the resulting suspensions were 
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centrifuged at 10,000 rpm for 10 minutes. The supernatants were decanted and collected for 

determination of metals and pH. The amounts of metal adsorbed to the soil were estimated 

from the differences between the added amounts and the remaining amounts of metals in the 

final supernatant solutions. The standard solutions of Cd, Ni and Sr used in these experiments 

were prepared by using AR reagent grade Cd(N03)2. Ni(N03h, and Sr(N03h respectively. 

Concentrations of Cd, Ni, and Sr were determined by use of flame atomic absorption 

spectroscopy (Perkin-Elmer 503). 

2.3. Miscible Displacement Experiments 

Miscible displacement experiments were conducted to investigate transport behavior 

of Cd, Ni and Sr in the soil. Plexiglass columns (2.77 cm Ld., and 10 cm length) were used 

for the transport experiments. The columns were homogeneously packed in small increments 

to a known bulk density. Prior to the start of displacement experiments, the columns were 

wetted from the bottom with 0.01 mol L- t KN03 at a slow rate using a precision piston pump. 

This was done to remove the entrapped air and to ensure soil-water saturation. During the 

saturation period, the fluid flow rate was increased incrementally to 1.0 mllmin. The columns 

were conditioned by pumping at least 200 pore volumes of electrolyte solution through them .. 

To examine the hydrodynamic properties of the columns, KN03 solutions containing 

the nonsorbed, nonreactive tracers tritiated water or pentafluorobenzoate (PFBA) were 

introduced into the columns. For tritiated water, the effluent was collected by a fraction 

collector and the activity of tritiated water in the effluent fraction was measured by radioassay 
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using liquid scintillation counting techniques. For PFBA , the effluent concentration was 

monitored at a wavelength of 250 nm with a flow-through UV detector connected to a strip 

chart recorder (linear; Model 1200). 

Solutions (1.0 mmol L'( ) of Cd, Ni, Sr, were prepared using 0.01 mol t KN03 

solution as the background electrolyte. These solutions were introduced individually into the 

columns. The column experiments were run until the effluent concentrations reached 100% 

of the influent metal levels, and then the input solutions were switched to background 

electrolyte solution (0.01 mol L'( KN03). The column effluents were collected with a fraction 

collector (ISCO Retriever 500) for determination of metals and pH. The flow interruption 

method was used to investigate possible non-equilibrium transport (Brusseau, 1989). The 

influence of potential competitive adsorption effects on metal transport was also studied by 

using solutions contaiming 1.0 mmol L'( Cd and 1.0 mmol L'( Ni. 

2.4. Modeling Transport of Metals 

One dimensional, equilibrium and nonequilibrium, linear and nonlinear sorption models 

were used to simulate the transport behavior of Cd, Ni and Sr. 

Equilibrium model: 

The advective-dispersive transport equation for reactive solute based on assumptions 

of homogenous porous media, steady-state flow, and local equilibrium can be described as 

follows: 
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(1) 

where C is aqueous concentration (M L,3), v is the individually average pore water velocity 

(L 11 ), t is time (T), D is the diffusion/dispersion coefficient ( L2 T'I ), z is the distance (L). 

For linear sorption, R is defined as 

R=l+K ..e. de (2) 

where ~ is distribution coefficient, e is the volumetric water content (L3 L,3 ), and p is the 

dry bulk density of the soil system (M L'3). For nonlinear sorption, the retardation factor R 

is concentration-dependent and is given by the following relationship: 

R=l+K cn - 1 £ 
fOe 

where Kf and n are the Freundlich coefficients. 

Nonequilibrium model (two domain): 

(3) 

A bicontinuum model based on first order mass transfer was also used to analyze the 

transport of metals through the soil columns. With the first order model, sorption is 

conceptualized to occur in two domains: 

(4) 



8 ==FK en 
1 f 
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(5) 

(6) 

where SI is the sorbed-phase concentration (M Mol) in the "instantaneous" domain, S2 is the 

sorbed-phase concentration (M Mol) in the rate-limited domain, F is the fraction of sorbent 

for which sorption is instantaneous, t is time, and kl and k2 are forward and reverse first-order 

rate coefficients (TI
), respectively. 

The following equations describe the transport of solute undergoing nonlinear, rate-

limited sorption during one-dimensional, steady water flow in a homogeneous porous medium 

(Brusseau et aI., 1989): 

( 1-13 ) R 08' ==c.u ( e' -8' ) oT 

R==l+K e (n-l)..e 
foe 

where the variables for the model are obtained as follows: 

T==vt/ L 

(7) 

(8) 

(9) 



X=z/L 

P=vL/D 

R=l +K C n-l p /8 
f 0 

w = k2 ( 1 -13 ) RL / v 

~=[1+F(p/8)K Cn-1]/R 
I-' f 0 
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where Co is the input concentration (M L-3
), P is the Peclet number, P is the fraction of 

instantaneous retardation, and w is the Damkohler number, which is the ratio of 

hydrodynamic residence time to the characteristic the time for sorption. 

For both nonlinear, equilibrium and nonlinear, nonequilibrium models, the Pec1et 

number P was obtained from tritium or PFBA tracer breakthrough curves in each experiment. 

The retardation factor R was calculated from Kr and n values measured in the batch 

experiments. For the nonlinear, nonequilibrium model, the fraction of instaneous retardation 
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p and the Damkohler number w were optimized by the use of a nonlinear, least-aquares 

optimization program (Jessup et aI., 1989). The parameters used for simulation of 

breakthrough curves are given in Table 3. 

3. Results and Discussion 

3.1. Sorption Isotherm and Kinetics 

Sorption of Cd, Ni and Sr was essentially completed within two hours and the 

sorption isotherms were strongly nonlinear (Figure 1). The Freundlich equation provided a 

better fit of the isotherms than did the Langmuir equation. As expected, there is greater 

sorption of Cd in the soil in comparison with Ni and Sr, and the degree of nonlinearity of 

sorption was Cd> Ni>Sr (Table 3). The degree of nonlinearity of sorption is dependent on 

concentration of metals in solution. For low concentrations « 1 mglL), sorption of metals 

may be attributed to specific adsorption, therefore sorption has often been treated as linear 

(Kookana, 1995; Jardine at aI., 1985, 1993). However, the concentration of metals in 

solution may be relatively high in heavily contaminated soils, and sorption of metals may then 

be controlled by exchange reactions and show significantly nonlinearity. 

3.2. Properties of Soil Columns 

The breakthrough curves obtained from displacement of tritiated water and PFBA 

through the Borden and Hayhook soil columns, respectively, are presented in Figures 2-3. 
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The breakthrough curves were symmetrical and sigmoidal in shape, and the local equilibrium 

A-D model was successfully used to simulate the curves. The values of the retardation factor 

for tritiated water and PFBA were very close to 1.0. The tritiated water and PFBA provided 

almost identical breakthrough curves (Figure 2). These results suggest that the packed 

columns were homogeneous and that physical nonequilibrium processes were absent. The 

properties of the soil columns are listed in Table 2. 

3.3. Transport Behavior of Cd, Ni And Sr 

Measured breakthrough curves for single-species Cd, Ni, and Sr experiments in two 

soils are given in Figures 4-7. The breakthrough curves were significantly retarded relative 

to nonreactive tritiated water and PFBA. The retardation of Cd in Hayhook soil is larger than 

that in Borden soil, which coincides with results from batch experiments. Hayhooksoilhas 

significantly higher clay content than the Borden soil. The clay fraction is the dominant 

sorbent for metals due to the low organic content «0.3%) of the soils (Bohn et aI., 1985; 

Sposito, 1989). The results of mass-balance analysis of the breakthrough curves showed that 

approximatly 70 % of Ca and Ni pumped into the columns was recovered by the end of the 

experiments. Note that the concentration of metals did not reach zero at the end of 

experiments. This was due to two factors, one being the use of a monovalent electrolyte 

solution and the other involving chemisorption of metals. Other experiments have shown that 

about 90 % of adsorbed Cd and Ni can be recoverd by using divalent Ca instead of 

monovalent K, which indicates cation exchange is the major retention mechanism for Cd, Ni 
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and Sr in these soils. However, the remaining 10% appears to be involved in some type of 

specific adsortpion process (Wang, 1995). 

The observed breakthrough curves of Cd, Ni, and Sr were asymmetrical and showed 

significant tailing (Figures 4-7). The breakthrough curves were simulated with the local 

equilibrium, A-D model using independently measured parameters from batch experiments 

under the assumption oflinear sorption. Obviously, the linear, equilibrium A-D model failed 

to describe the observed breakthrough curves of Cd, Ni and Sr. Application of the nonlinear, 

equilibrium, A-D model to the observed data significantly improved the description of metal 

transport. The extensive tailing was adequately predicted with the nonlinear, equilibrium 

model, which suggests that the tailing of observed breakthrough curves may be caused by 

nonlinear sorption. 

To examine the relative influence of nonlinear and rate-limited sorption, the effect of 

flow-interruption was investigated in these soils. A small increase of effluent concentration 

« 7%) was observed for the Hayhook soil when the flow was stopped for 36 hours during 

elution (Figure 4-6). This suggests a minimal impact of rate-limited sorption in the Hayhook 

soil. The observed breakthrough curves of Cd, Ni, and Sr were also simulated using the 

nonlinear, nonequilibrium (two domain) model. The simulation of breakthrough curves 

obtained by using the nonlinear, two-domain, nonequilibrium model was slightly better than 

that obtained by using the nonlinear, local equilibrium model. Results of both flow

interruption and simulation suggest that rate-limited sorption may still have influenced the 

transport of these metals in the soils. However, the nonideal transport of metals (extensive 
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tailing) was due primarily to nonlinear sorption and the impact of rate-limited sorption was 

relatively minor. The rate-limited sorption may be caused by diffusion-controlled adsorption 

of the metals in the interlayer spaces of 2: 1 clay or the three-dimensional network of organic 

matter (Jardine et aI., 1988, 1993; Brusseau and Rao, 1989). 

The tran~port of a binary Cd-Ni solution through the Hayhook soil column was also 

investigated in this study. The retardation of both Cd and Ni were reduced in comparison 

with the single-solute experiments (Figure 7). This results from competition of Cd and Ni 

for adsorption sites. The breakthrough curves of Cd and Ni overlap due to their similar 

properties. 

4. Conclusions 

The sorption of Cd, Ni and Sr in two soils was nonlinear and can be well described 

by the Freundlich equation. Transport of Cd, Ni and Sr through columns packed with the 

soils was retarded by ion exchange. The retardation of Cd was significantly higher in the 

Hayhook soil than in the Borden soil due to a higher clay content. 

The shape of breakthrough curves from column experiments provided evidence that 

transport of Cd, Ni and Sr was nonideal. The simulations obtained by using models 

incorporating both nonlinear and rate-limited sorption indicated that nonlinear sorption was 

the major cause of nonideal transport, with rate-limited sorption a minor component. This 

conclusion was supported by the results obtained from flow-interruption experiments. The 

parameters from batch and tracer experiments were used successfully to predicted Cd, Ni and 
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Sr transport in the soils. The transport of metal was significantly affected by the presence of 

another metal. The transport of Cd and Ni was enhanced in the presence of a mixture of Cd 

and Ni due to competition for adsorption sites. 
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Table 1. Properties of Soils 

organic carbon sand silt clay 

Soil (%) (%) (%) (%) 

Hayhook 0.11 85.55 4.34 10.15 

Borden 0.29 98 
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Table 2. Physical Properties of Soil Columns Used in the Miscible 

Displacement Experiments. 

Column Tracer p e P R 

No Peclet cmh- I 

Hayhook Soil 

201 H/O 1.77 0.334 28_8 0.96 31.6 

202 PFBA 1.78 0.340 36.5 1.06 30.2 

203 H2
30 1.83 0.329 26.4 1.05 31.8 

204 H/O 1.71 0.355 30.2 1.06 28.4 

205 H 30 2 1.84 0.343 27.4 1.13 29.3 

206 H2
30 1.76 0.331 20.2 1.09 22.2 

Borden Soil 

301 PFBA 1.75 0.341 98.4 0.99 36.5 
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Table 3. Input parameters for simulation using the nonlinear, 

equiIibriumlnonequiIibrium models 

p Kr(llKg) n R W 

Hayhook soil 

Cd 25 246.3±14.9 0.334±0.016 57.5 0.17±0.03 6. 16±0.93 

Ni 25 159.l±5.8 0.373±0.012 69.0 0.36±0.06 4.63±1.92 

Sr 25 153.3±13.1 0.419±0.024 61.2 0.03±0.12 8.12±1.90 

Borden soil 

Cd 98 112.6±3.9 0.159±0.009 10.3 0.793±0.01 0.30±0.07 
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Sorption isotherms of Cd (a), Ni (b), and Sr in the Hayhook soil and Cd (d) 

in the Borden soil, fitted with both Langmuir (dashed line) and Freundlich 

(solid line) equations; the pH values at equilibrium were 6.1±O.16 for Cd, 

6.0±O.5 for Ni, and 6.15±O.18 for Sr 

Breakthrough curves for transport of tritiated water and PFBA through 

the Hayhook soil. 

Breakthrough curves for transport of PFBA through the Borden soil. 

Breakthrough curves for transport of Cd through the Hayhook soil. The curve 

is predicted by using the linear sorption, local equilibrium model (LEA), the 

nonlinear, local equilibrium model (NLEA), and nonlinear sorption, non

equiJibrium( NLNE) model (2-parameter fit). 

Breakthrough curves for transport of Ni through the Hayhook soil. The curve 

is predicted by using the linear sorption, local equilibrium model (LEA), the 

nonlinear, local equilibrium model (NLEA), and nonlinear sorption, non

equiJibrium( NLNE) model (2-parameter fit). 

Breakthrough curves for transport of Sr through the Hayhook soil. The 

curve is predicted by using the linear sorption, local equilibrium model 

(LEA), the nonlinear, local equilibrium model (NLEA), and nonlinear 

sorption, non-equilibrium( NLNE) model (2-parameter fit). 
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Breakthrough curves for transport of Cd through the Borden soil. The BTC 

of Cd is predicted by using the linear sorption, local equilibrium model 

(LEA), the nonlinear, local equilibrium model (NLEA), and nonlinear 

sorption, non-equilibrium( NLNE) model (2-parameter fit). 

Breakthrough curves for transport of binary Cd-Ni solution through the 

Hayhook soil. 
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ABSTRACT 

The sorption and transport of Cd and Ni in a subsurface soil (Hayhook series) was 

investigated using batch and miscible-displacement experiments. The sorption isotherms of 

Cd and Ni were strongly nonlinear and well described by the Freundlich equation. 

Electrostatic adsorption was found to be the major contributor to the sorption of these two 

elements. The adsorption of Cd and Ni on the soil was dramatically decreased in the presence 

of 2.5 or 5.0 mmol L- t Ca(NOh This resulted in the enhanced transport of Cd and Ni 

through the soil columns. This effect was attributed to the competition between Ca and these 

metals for exchange sites on the soil surface. The removal of Cd adsorbed to the soil also 

increased significantly with increasing concentrations of CaCI2• The optimum concentration 

ofCaCl2 used to displace Cd efficiently was about 5.0 mmol L- t for the Hayhook series soil. 

The position of the Cd elution peak was related to the nonlinear sorption behavior of Ca. 
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Introduction 

The fate of heavy metals from hazardous wastes sites, landfills, and other 

contaminated sites has become one of the predominant environmental issues in the U.S. and 

other industrial societies. Some metal contaminated sites have reached a critical status with 

high potential for groundwater contamination. Heavy metals can be gradually released into 

groundwater through the action of abiotic and biotic subsurface processes. In the soil 

environment, there exist many metal species, which are dissolved in the soil solution; 

occupying exchange sites on inorganic soil constituents; specifically adsorbed on inorganic 

soil constituents; associated with insoluble soil organic matter; precipitated as pure or mixed 

solids; present in the structure of secondary and primary minerals and complexed with 

solution-phase organic or inorganic species (1). The mobility of metals in a soil may be 

significantly influenced by metal-organic complexation, where dissolved organic ligands 

maintain the metals in solution, and the competition for surface sites with similarly charged 

inorganic species, as well as by soil pH, ionic strength and redox conditions (2-7). 

Many heavy metals of concern are relatively highly adsorbed by soil and are, therefore, 

difficult to remove by use of soil flushing or pump and treat. Recently, researchers have 

begun to investigate methods of enhancing desorption and transport of heavy metals. Much 

of this research has focused on the use of complexing agents such as organic compounds with 

acid functional groups (8-10). Most metals are adsorbed by ion exchange reactions and are, 

therefore, in competition for adsorption sites with other, naturally occurring, cations (Ca++, 

Mg++, Na+, and K+) (11-13). The mobility of metals might be greatly increased due to such 
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competition. Hence, the use of competing cations for enhancing desorption and transport of 

heavy metals deserves attention. 

Calcium is the most common divalent cation in soil and groundwater, it is nontoxic 

at relatively high concentrations, and there is no drinking water standard set for this element. 

Calcium competes strongly with metals for adsorption sites on mineral surfaces. Several 

researchers have reported that adsorption of metal cations (Cd, Ni, Pb, and Zn) was 

decreased in the presence of Ca and Mg (11, 14-16). Thus, while it is generally known that 

the adsorption of metal cations in soil can be reduced due to competition with other cations, 

the potential use of calcium for in-situ remediation of metal contaminated subsurface soils or 

aquifer materials has received little attention. The objectives of this study are to investigate 

the influence of calcium on the desorption and transport of heavy metals in a subsurface soil. 

Materials and Methods 

Materials. A subsurface soil (Hayhook series), which was collected from a 25-50 cm depth 

in the C horizon, classified as coarse-loamy, mixed, non-acid thermic typic torriorthent, was 

used in this study. The basic properties of the soil are listed in Table 1. The soil was dried 

at room temperature in a low humidity environment, then passed through a 2-mm sieve and 

stored in polyethylene bottles. The final moisture content of this soil was 0.65% (oven dried 

@ 105°C for 48 hours). 
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Batch Experiments. Competitive sorption isotherms of Cd and Ni in the presence of 

different concentration of Ca at 25°C were measured using batch methods. The solutions 

were not buffered; rather, they were monitored to more closely approximate a real field 

condition. A background electrolyte solution (0.01 mol L'( KN03) was used in all 

experiments, except where noted. Duplicate 2.5 g samples of soil were placed in preweighed 

polypropylene tubes, mixed with 20 ml of 1.0 mol L' KN03 and shaken overnight. The 

suspensions were centrifuged at 10,000 rpm, and the supernatants discarded. The remaining 

soil was washed twice with 0.01 mol L'( KN03• Finally, the tubes containing soil and residual 

solution were weighed to calculate residual volume of 0.01 mol L'( KN03 in soil. Aliquots 

(20 rnI) containing a series of Cd or Ni solutions (0.15, 0.25, 0040, 0.50, 0.75 , 1.00, 1.50, and 

2.00 mmol L'( of Cd or Ni, which were prepared with 0.01 mol L'( KN03) in the presence of 

either 2.5 or 5.0 mmol L'( M Ca(N03h. were then added to the tubes. 

Preliminary experiments showed that sorption of Cd and Ni was complete within 2 

hours. Hence, the solutions were shaken for 2 hours and the resulting suspensions were 

centrifuged at 10,000 rpm for 10 minutes. The supernatants were decanted and collected for 

determination of metals and pH. The amounts of metals adsorbed to the soil were estimated 

from the differences between the added amounts and the remaining amounts of Cd or Ni in 

the final supernatant solutions. The standard solutions of Cd and Ni used in these 

experiments were prepared by using AR reagent grade chemicals Cd(N03h and Ni(N03)2' 

respectively. Cadmium, Ni, and pH were determined by use of a flame atomic absorption 

spectroscopy (Perkin-Elmer 503) and a pH/conductivity meter, respectively. 
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Isotherms for sorption of Ca by soil previously contaminated with Cd were also 

measured. The contaminated soil was prepared by injecting 1.0 mmol L't Cd(N03h solution 

into a soil column until the effluent concentrations reached 100% of the influent metal levels. 

Then, two pore volumes of water were injected to remove aqueous-phase Cd. The 

contaminated soil was removed from the column, and was air-dried at room temperature. 

Two isotherms were measured, using Ca concentrations of 0.25 to 2 mmol L't, and 1.0 to 8.0 

mmolL't. 

Miscible Displacement Experiments. Miscible displacement experiments were conducted 

to investigate desorption and transport behavior of Cd and Ni in the presence of Ca. 

Plexiglass columns (2.77 cm Ld., and 10 cm length) were homogeneously packed in small 

increments to a known bulk density. Prior to the start of displacement experiments, the soil 

columns were wetted from the bottom with 0.01 mol L't KN03 at a slow rate using a 

precision piston pump. This was done to remove the entrapped air and to ensure soil-water 

saturation. 

Solutions (1.0 mmol L't ) of Cd and Ni in the presence of 0, 2.5, or 5.0 mmol C 

Ca(N03)2 were prepared using 0.01 mol L't KN~ solution as the background electrolyte. 

These solutions were individually introduced into the columns until the effluent concentrations 

reached 100% of the influent metal levels. Then, the input solutions were switched to 

background solution (0.01 mol L't KN03 + 2.5 or 5.0 mmol r; Ca(Nq i). The column 

eft1uents were collected at regular intervals with a fraction collector (ISCO Retriever 500) for 
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determination of metals and pH. 

To investigate the ability of Ca to displace sorbed metals, the soil column was first 

saturated with the selected element (Cd or Ni) by use of miscible displacement. This was 

done using either 1.0 mmol L· t Cd or Ni prepared with 0.0 I mol J:! KN03• Solutions 

containing different concentrations of CaCI2 (1.25, 2.5, 5.0, 10.0, and 50 mmol L· t
) without 

KN03 were then pumped into the column. The concentrations of metals and Ca in the 

effluent were monitored throughout the experiments. 

Results and Discussion 

Competitive Sorption among Cd, Ni, and Ca. The sorption isotherms of Cd and Ni were 

strongly nonlinear and well described by the Freundlich equation. As expected, the 

adsorption of Cd and Ni was significantly decreased in the presence of Ca (Figure I a, b). The 

adsorption coefficients, Kr, for Cd and Ni decreased with increasing concentration of Ca 

present. In addition, the nonlinearity (i.e., n value) of the sorption isotherms was decreased 

with increasing concentration of Ca (Table 2). This reduction in sorption resulted in enhanced 

transport of Cd through the soil in the presence of Ca, as shown in Figure 2. The influence 

of cations on Cd adsorption by soil has been reported as early as 1972 by Landerwerff and 

Brower (17). They found that the decrease in Cd adsorption was greater in the presence of 

AI and Ca. The sorption of Cd, Ni, Cu, and Co in clay and soil systems was significantly 

reduced by Ca (13-16). This decrease was attributed to competition with Ca for adsorption 

sites. 
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Elution of Cd and Ni by Ca. The elution curve for Cd and the breakthrough curve for Ca 

obtained during injection of2.5 mmol L-1 CaCl2 into the soil column saturated with 1.0 mmol 

L-1 Cd(N03h are shown in Figure 3. The elution curve for Cd exhibits an initial decline in 

concentration, similar to that obtained by use of the background electrolyte solution. After 

several pore volumes of Ca were injected, the concentration of Cd increased to a maximum, 

and then decreased. Similar results were obtained for Ni (data not shown). These results are 

due to two interacting processes. First, it was determined that Cd occupied only 40% of the 

CEC at the beginning of the experiment, with the remainder occupied by K and other cations. 

Thus, some Ca ions would exchange with K and other sorbed cations (which have a lower 

selectivity compared to Cd), reducing the amount of Ca available to exchange with Cd. 

Second, the sorption and retarded-transport behavior of Ca contributes to the observed 

behavior, as will be further discussed in the forthcoming paragraphs. 

The removal of Cd adsorbed to the soil was significantly enhanced by injecting CaCl2 

solution into the soil in comparison to a KN03 solution (Figure 4). After injecting about 50 

pore volumes of 5.0 mmol L-1 CaCI2, almost 90% of adsorbed Cd was removed from the soil, 

while only 45% of adsorbed Cd was removed by 10.0 mmol L-1 KN03• Approximately 7% 

of the adsorbed Cd was resistant to removal by CaCI2, whereas almost 30% was resistant to 

removal by the KN03 solution. This is consistent with calcium's greater ability to exchange 

Cd compared to K. 

A difference in elution of Cd was obtained by use of CaCl2 versus Ca(N03h (Figure 

4). The presence of CI- increased the desorption and removal of Cd in comparison to N03-. 
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Increased mobility ofNi, Cu, and Cd through a soil column was reported to be due to metal

CI' complexes (18-20), These complexes appeared to be only weakly adsorbed by soil and 

therefore remained mostly in the soil solution. The CI' is more efficient at enhancing the 

desorption of Cd because the affinity of Cd2
+ for CI' ions is stronger than for N03'. 

The elution curves for Cd obtained by using four different concentrations of CaCl2 are 

shown in Figure Sa. The removal of Cd was delayed due to adsorption of Ca by the soil. The 

delay of the Cd elution peak was strongly dependent on the concentration of Ca used. The 

Cd elution peak arrived earlier at higher concentrations of CaCI2• This is expected because 

the adsorption of Ca is nonlinear (Figure 6), and its retardation factor, therefore, decreases 

with increasing concentration of Ca (21). The approximate location of the Cd elution peak 

can be estimated by use ofthe retardation factor of Ca, where: R = 1 + KrCo(n'l)p/8 (Table 3). 

The Kr and n values for Ca were obtained from the batch isotherm data Comparing Figures 

6a and 6b indicates a slight difference in parameter values for the smaller and larger 

concentration ranges. 

Although different concentrations ofCa were used, eventually, all Ca solutions tested 

removed about 90% of adsorbed Cd (Figure 5b). The remaining, difficult to remove mass 

may be associated with metal-oxides and/or bound by highly reactive functional groups of soil 

organic matter. These results suggest that electrostatic sorption was the major contributor 

to the sorption of Cd and Ni in this soil. The pore volumes required to remove 50% or 90% 

of adsorbed Cd decreased with increasing concentration of CaCl2 used, but the observed 

relationship was nonlinear (Figure 7). Thus, for this soil, the optimum concentration of Ca 
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to displace Cd efficiently was about 5.0 mmol Lot. 
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Table 1. Chemical and physical properties of the Hayhook Soil 

Particle Size Distribution 

pH 7.47 

CEC (meq/100g) 6.3 

Organic Carbon (%) 0.11 

Cations (mgll) 

(1: 1 Fixed Ratio Extract) 

Metals (mg/kg) Zn 

(DTPA Extra. Metals) 0.5 

Surface Area (m2/g) 

(Glycerol) 

%Sand 

88.55 

K 

2.9 

Cu 

0.8 

Ext. 

15.8 

%Silt 

4.34 

Na 

2.5 

Cd 

<0.1 

%Clay 

10.15 

Ca 

2.7 

Pb 

0.5 

Int. 

13.1 

120 

Mg 

1.3 

Mn 

8.8 



Table 2. The Kr , nand R of Cd in the presence of different concentration of Ca 

Conc. of Cadi mum Nickel 
Ca present 

mmol L-1 Kf n R Kf n R 

0 246.3±14.8 0.334±O.0 16 57.6 159.1±5.8 0.373±O.012 66.2 

2.5 90.5±9.6 0.399±O.026 29.4 27.8±4.5 0.627±O.044 33.1 

5.0 38.1±5.6 0.531±O.033 23.4 19.4±4.4 0.681±O.059 28.9 

* R is the retardation of Cd calculated by the use of the equation, R=I+KrCo(n-l)p/8. 

....... 
N 
....... 
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Table 3. Estimation of elution times of metals by Calcium 

Cone. of Ca used Predicted Peak Real. peak 50 % removedc 

mg/L P.V P.V P.V 

Co =50 55.0n 62.7 71.7 

Co =100 34.7n 38.2 38.2 

Co =200 17.5b 17.6 20.0 

Co =400 10.6b 8.3 9.0 

Co =2000 3.87b 1.9 2.8 

a Calculated by the use of adsorption isotherm at low concentration range of Ca 

b Calculated by the use of adsorption isotherm at high concentration range of Ca 

c The Pore volumes were injected to remove 50% of Cd in the soil column 
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