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Abstract

One major task facing the geoenvironmental engineering today is the development of methods
to assess the long term changes, release and transport of contaminants from waste disposal sites,
considering the hydrochemical interaction of the contaminants with the clay barrier. The prediction
of the long-term leaching behaviour of heavy metals in muiti-component contaminants, which
represent a toxic threat to the local environment surrounding a landfill, is an increasingly important
issue as awareness of the potential future pollution risks associated with landfills of such wastes
grows.

Modelling of the leaching processes, which take place in a landfill, is an invaluable tool as it
is often not possible to conduct experiments over sufficiently long timescales to observe the long
term leaching behaviour of wastes. In this study the multi-component transport of heavy metals into
a clay barrier has been investigated experimentally and theoretically by coupled solute transport and
geo-chemical reaction. An experimental design for coupled solute transport and chemical reaction,
based on the column leaching test in association with the batch equilibrium test for comparison, is
proposed to examine the Cl and EDTA effects on the partitioning of Zn and Pb (dissolved,
adsorbed. precipitated) into uncontaminated or; precontaminated kaolinite or; kaolinite mixtures
with silica gel and calcium carbonate (K, KS, KC, KSC). The experimental results from the column
leaching test were analysed in terms of adsorption, desorption and migration profiles of the each
specific ion along the column depth and in the effluent at different pore volumes. It has been shown
that the presence of other contaminants, especially inorganic and organic complexing agents, affect
the distribution coefficient, Kd, which varies with time, space, soil constituents, cation exchange
capacity (CEC), specific surface area (SSA) and pH of the soil solution. In most of the contaminant
transport models Kd is often used as a constant parameter to describe the partitioning of a
contaminant between the ground-water solution and the solid soil matrix.

A COupled Solute Transport and CHemical Equilibrium SPeciation (COSTCHESP) model
was developed to simulate the transport of multiple thermodynamically reacting chemical substances

through clay barrier systems. It consists of two main modaules; a finite difference transport module



(COST), and an equilibrium geochemistry module (CHESP). This simplifies the coupling between
the physical and chemical processes and leads to a simple and efficient model to simulate the
simultaneous processes of advective-dispersive transport (advection; diffusion, osmotic and ion
restriction effect) and geochemical reactions (complexation, exchange, precipitation, adsorption and
desorption). The reliability of the model has been verified by laboratory experiments.The
experimental results were used for the calibration of the proposed COupled Solute Transport
Equilibrium Speciation (COSTCHESP) model and the heavy metals partitioning profiles at the
different environmental conditions were predicted. The sensitivity of the parameters in the simulated
model has been evaluated. It has been demonstrated that the model is a good tool for the prediction
of multi-component transport of heavy metals into different clay soils under various environmental
conditions.

The proposed model accounts for most of the hydro-geochemical interactions of the multi-
components with the clay liner. The model will lead to proper identification of the form of specific
ions ( i.e. adsorbed and precipitated on solid, and available in solution) and can be a useful tool for
(1) assessing the importance of geochemical reactions on the transport of heavy metals in
groundwater: (ii) predicting the forms by which the metals are partitioned in the clay barrier. and (iii)
indicating the potential availability of the heavy metals from contaminated soil through the chemical
processes. particularly, if one recognizes that the local equilibrium pH environment is neither

stagnant nor uniform throughout the subsurface underlying the waste landfill.
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Sommaire

Le développement de méthodes d'évaluation du transport et du comportement a long terme
des contaminants dans les sites d'entreposage avec parois d'argile, en tenant compte de l'interaction
hydro-chimique entre ces contaminants et la barriére d'argile, reste I'un des défis majeurs du génie
géo-environnemental actuel. En effet. on est de plus en plus conscient des risques de pollution par
lessivage potentiel des métaux lourds contenus dans les contaminants a composants multiples. et une
meilleure compréhension du phénoméne est nécessaire.

La modélisation des processus de lessivage qui se produisent dans un site d'enfouissement est
un outil essentiel puisqu'il est pratiquement impossible a I'heure actuelle de réaliser des études
expérimentales a des échelles de temps assez longues pour pouvoir observer le comportement de
lessivage des contaminants. Dans cette recherche, le transport de métaux lourds a travers une barriére
d'argile est étudié expérimentalement et théoriquement par couplage du transport en solution et
réaction géo-chimique. L'auteur propose un montage expérimental pour étudier le phénoméne, en
examinant les effets du chlore (Cl) et du EDTA sur le fractionnement du zinc (Zn) et du plomb (Pb)
sous formes dissoute, adsorbée et précipitée. dans des échantillons non contaminés et pré-contaminés
de kaolinite et d'un mélange de kaolinite avec gel de silice et carbonate de calcium (K, KS. KC.KSC).
Le montage proposé est basé sur le test en colonne de lessivage avec mesures sur mélange en
équilibre, comme essai témoin. Les résultats expérimentaux obtenus en colonne de lessivage ont été
présentés sous forme de profils d'adsorption, de désorption et de migration spécifiques a chacun des
ions étudiés en fonction de la profondeur de la colonne, et dans I'effluent, pour différents indices de
vides (pore volumes). Les résultats indiquent que la présence d'autres contaminants, notamment les
agents inorganiques et organiques "complexing”, influence le coefficient de distribution, Kd, lequel
varie avec le temps, la position, la composition du sol, la surface spécifique des particules, la capacité
d'échange en cations, et le pH de la solution. I est & noter que dans la plupart des modéles existants
de transport de contaminants, Kd est considéré comme un paramétre constant pour décrire le
fractionnement d'un contaminant entre la solution aqueuse et la matrice solide du sol.

En paralléle avec I'étude expérimentale, un modéle numérique (appelé COSTCHESP pour
COupled Solute Transport and CHemical Equilibrium SPeciation) a été développé pour simuler le



transport de substances chimiques a réactions thermodynamiques multiples a travers une barriére
d'argile. Le modéle compte deux modules principaux: un module de transport basé sur les différences
finies (COST) et un module d'équilibre géo-chimique (CHESP). Le modéle linéarise le couplage entre
les processus physiques et chimiques et s'avére simple et efficace pour simuler les processus
simultanés de transport par advection et dispersion (advection, diffusion, osmose et effet de
restriction ionique) et les réactions géo-chimiques ("complexation”, échange, précipitation, adsorption
et désorption). La fiabilité du modéle numérique a été vérifiée par des essais en laboratoire. Les
résultats du modele expérimental ont été utlisés pour étalonner le modéle numérique (COSTCHESP),
lequel a ensuite pu prédire les profils de fractionnement des métaux lourds correspondant aux
différentes conditions environnementales étudiées. L'effet de la variabilité des paramétres du modele
numeérique sur les prédictions a également été étudié, et le modéle s'est avéré tres sensible, surtout.

Le modéle proposé tient compte de la plupart des interactions hydro-géomécaniques des
multi-composants avec la couche d'argile. Il peut identificr la forme d'ions spécifiques (i.e. adsorbée,
précipitée. et en solution) et peut servir a (i) évaluer l'importance des réactions géo-chimiques dans
le transport des métaux lourds dans les eaux souterraines; (ii) prédire la forme que prendront les
métaux tractionnés dans la barriére d'argile, et (iii) indiquer la disponibilité potentielle des métaux
lourds de sol contaminé par les processus chimiques, en particulier si I'on note que le pH a I'équilibre

dans l'environnement local n'est ni stagnant, ni uniforme dans le sol adjacent au site d'entreposage.
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In the Name of God

Multi-Component Contaminants Transport of Heavy Metals in Clay

Chapter 1

Introduction

1.1 Generalities

Enormous amounts of waste materials, potentially hazardous to groundwater, are
stored or disposed of on, or beneath, the land surface. The municipal solid waste stream in
Canada i1s among the largest in the world on a per capita basis. Canadians produce 1.9 kg of
waste per capita per day (EPA, 1996). When water, coming from rainfall, snowmelt, and
surface runoff, makes contact with waste in sanitary and hazardous landfills, it leaches
material from the waste. This contact allows soluble organic or inorganic contaminants such
as heavy metals to dissolve, producing what is called “leachate soiution”. Heavily
contaminated leachate may migrate to the groundwater if it is not retained by the soil beneath
the waste disposal sites. Its polluting potential can be 10 -100 times greater than that of solid
waste.

Heavy metals wastes are an inevitable by-product of many industnial processes. Heavy
metals are one of the contaminant groups of concern to environmentalists due to their toxic
effects on human health. Copper (Cu), Cadmium (Cd), Chromium (Cr), Lead (Pb), Nickel
(N1), and Zinc (Zn) are often found in waste and, therefore, in leachate solutions. The
concentration of heavy metals varies with the type and source of the waste, ranging from 0-
200 ppm in municipal solid wastes to 200-10,000 ppm in sewage sludge, mining waste, and
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some industrial waste. Such wastes must be disposed so as to minimize the extent of
leaching and the potential for contamination of the groundwater and surrounding
environment.

Groundwater contamination by heavy metals and other pollutants is an important
problem in Canada and other industrialized countries. Relatively high levels of soluble heavy
metals may be naturally present in soils, or as a result of sewage sludge, sanitary iand filling,
mine tailings, industrial waste disposal, septic systems, and accidental spills of industrial
products. It is therefore desirable to physico-chemically encapsulate and immobilize the waste
before placing it in a landfill (Trussel and Batcheior, 1996).

Clay-rich geological materials are often used as barriers to retard the potentiai
migration of contaminants from waste disposal sites because of their low hydraulic
conductivity and high adsorption capacity. A prime requirement in proper waste management
is to predict or determine the extent of transport of contaminants, as growth rates of
contaminant plumes or concentrations of target pollutants at specific times and locations from
the contaminant source. The schematic shown in Fig 1.1 for a solid waste landfill indicates
the general problem (Yong er a/. 1992). The main role of the barrier system is to minimize
the rate of harmful substances migration and retard the mobility of various species of
hazardous wastes (Yong, 1996). Modelling the movement of soluble metals in a underlying
clay stratum would aid in selecting sites for new landfiils, and assessing and monitoring the
clean-up of facilities that release these harmful metals.

In Canada, over six million people, or 26% of the population, rely on groundwater
for domestic use. In Ontario, Prince Edward Island, New Brunswick, and the Yukon, the
largest users of groundwater are municipalities; in Alberta, Saskatchewan, and Manitoba, the
agricuitural industry for livestock watering; in British Columbia, Quebec and the Northwest
Territonies, industry; and in Newfoundland and Nova Scotia, rural domestic use. Prince
Edward Island is almost totally dependent on groundwater for all its uses (Environment
Canada, 1996).These statistics call for proper design of landfills and effective monitoring
programs to evaluate the formation and migration of leachate. In Quebec, the natural

presence of thick clay deposits at the surface makes clay barriers a desirable and economical
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1.3
means to limit and control leachate migration, including heavy metals. The design of a suitable
clayey barrier requires an estimation of the physico-chemical interactions among the

contaminants, soil and water, in order to predict the potential rate of contaminant transport
and the impact on the surrounding groundwater systems.

Clay liner —

goesttretne,

Groundwater Flow

S
S

w

V'
WNIHM\HIIWWllmmlw

|

Plume 1 st period

Plume 2 nd period

Figure 1.1 Waste Landfill Showing Contaminant Migration.

Adequate techniques are needed to provide good estimates of the movement and
attenuation of contaminants after they are released into the subsurface system to assess their
environmental effects. Achievement of this objective requires careful prediction of the
physico-chemical interaction of the heavy metals solution with the clay liner during the design

period. This, of course, requires an appreciation of the mechanisms of contaminant transport
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through fine-grained materials and an ability to predict contaminant fluxes through the barrier.

A good way to gain some understanding of at least the most relevant of these complex
processes and mechanism is through mathematical modelling. Modelling of the hydro-
geochemical interactions, which take place in a landfill, is an invaluable tool as it is often not
possible to conduct experiments over sufficienty long timescaies in order to observe the long
term transport processes of wastes. This is vital to the success of predictions of advance of
contaminant plumes in the substrate, and/or distribution of concentrations of target poilutants
at various points of concern and after specific time periods.

Questions with respect to how well the physical/chemical problem is characterized in
most of the contaminant transport models is the central focus of this study. Regarding the
role of soil-contaminant interaction upon transport of heavy metals in a clay barrier, the
following questions may be asked:

° What is the interaction effect of muiti-component solutions and soil fraction upon
the attenuation potential of a clay barrier?
. To what extent do the multi-component solutions and soil constituents interactions

affect the heavy metais transport in a clay barrier?

° How long does it take for the contaminant to reach the allowable limit?
® Which form of heavy metals speciesation is released into the subsurface?
L What is the partitioning of the contaminants in the soluble and solid phases ? (i.e. how

much is dissolved, adsorbed and precipitated?)
. What fraction of the soil exhibits the greatest influence on heavy metals retention?
The above questions make obvious the necessity of an extensive study regarding thc
mechanics by which heavy metals are attenuated within clay liners in a multi component

contaminant system at different environmental conditions.
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1.2 Statement of the Problem

Heavy metal contaminants in landfills are some of the most problematic wastes
especially when they are disposed of in an acidic environment, since this could increase both
the mobility of heavy metals, and those contaminants aiready retained in the soil pores (Ray
and Chan, 1986; Anonymous, 1988; and Al-Hashimi, 1995).

Borden and Yanoschak (1990) examined chemical data from monitoring wells at 71
municipal sanitary landfills in North Carolina, U.S A. Groundwater-quality violations were
found for Pb and Cr (18% of sites), and As, Cd and Zn (6% of sites). Several factors and
processes combine to control the advance of heavy metals to groundwater. These include, in
addition to the hydrogeology of the system, the multitude of complex interactions and
reactions which occur between the contaminants and soils which will shed considerable light
on the inter-relationships between two kinds of participants. The major hydroiogical and
physical processes of interaction include advection, convection, diffusion, compaction and
consolidation. The chemical reactions include aqueous compiex, reduction/oxidation,
acid/base reactions, sorption via surface reactions and precipitation/dissolution (Mangold and
Tsang, 1991).

Technical understanding of the physical, chemical, and biological processes controlling
the fate of heavy metals in the environment has increased in the past two decades. Many of
the important advances are reflected in the quantitative mathematical models now being used
to describe the influences of competing processes or reactions on the overall fate of heavy
metals. Mathematical models, however, often provide the only means of gaining an insight
into the mechanisms of the complex processes that occur in groundwater systems. Modelling
is often the only way to take into account the effect of species types of chemical reactions in
the simulation of solute transport for the purpose of a predictive anaiysis.

There is need for a model to capture all the physico-chemical interactions which occur
between heavy metals, other contaminants and soil constituents along the flow path through
the clay liner system. Any of the above mentioned physical and chemical processes will
contribute to the distribution and redistribution of chemical components after they are

introduced into clay barmer.
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Existing knowledge of physical, chemical and biological interactions that take place
between clay barriers and leachate solutions is quite limited due to the myriad of constituents
and mechanisms involved. The biological processes involve uptake by biota and
microorganisms that may transform a chemical species into another species or simply use the
species as their nutrient diet. A discussion of the biological process will not be included in
this research. The prediction of the long-term leaching behaviour of heavy metals and other
inorganic wastes is an increasingly important issue as awareness of the potential future
polluton risks associated with landfills of such wastes grows. Dissolution of the constituent
mineral due to pH variation in the waste leads to the mobilisation of heavy metals which
represent a toxic threat to the local environment surrounding a landfill. The long term safety
of landfills is largely unknown and there is an ever growing need for the development of
methods to assess the long term pollution risks associated with such deposits. It is now
accepted that complete characterization of a disposal site is not feasible using experimental
methods alone due to the long timescales involved. Processes which can be observed in a
laboratory or in the field are, for all practical purposes, instantaneous from a geological time
perspective. A waste landfill may be thought of as a large chemical reactor. Consequently,
the use of models can be used to supplement experimental work where conditions do not
permit direct economical measurement.

[n most of the hydrological and hydro-chemical models the effects of hydrological
and physical processes are incorporated rigorously but frequently simplify the chemical
interactions among the contaminants and soil minerals with an empirical approach such as
the linear isotherm (K, approach) and/or the Langmuir and Freundlich nonlinear isocthermon
, including the advective model (Wilson and Miller, 1978), advective-dispersive (McDonald
and Harbaugh, 1988; Yong ez al, 1992; Diodata and Parizek, 1994; Harbaugh and
McDonald, 1996), purely diffusive (Rowe and Booke, 1986), advective-diffusive (Miller and
Benson, 1983), geochemical-dynamics (Bames, 1989), temperature dependent (Kipp, 1986),
density dependent (Zhang et al., 1995), unsaturated soil advective-dispersive (Manshel et a/.,
1993), and fractured porous media (Mackay, 1991).

The above mentioned models assume that the solutes being modelled act



Introduction 1.7

independently of the bulk solution composition. The adsorption characterization is also
calculated using a constant retardation factor (i.e.,distribution coefficient), K,. The migration
of the heavy metals is highly dependent on the physico-chemical interaction of the heavy
metals with the clay particles and groundwater composition and properties; thus K, in such
systems may be a strong function of pH and solution composition and properties (Yong et
al., 1993).

However, most contaminants are in multi-component solutions and component
interactions affect transport and attenuation potentials. On the other hand, there are
sophisticated chemical equilibrium models that have incorporated the complete suite of the
aforementioned chemical processes but which completely ignore the hydrological and physical
processes (Parkhurst ez a/,, 1980; Sposito and Mattigold, 1988). In other words, these
chemical equilibrium models can only be applied to beaker systems.

Recently, attempts have been made to account for the complex physical and chemical
processes in the hydrological transport modelling of subsurface systems (Miller, 1983;
Cederberg, 1985; Yeh and Tripathi, 1989; and Walter e a/., 1994). Although the modelling
activity, in coupling the hydrological transport and chemical equilibrium of reactive multi-
components through porous media systems, has been expanding rapidly, few of these modeis
can really deal with practical problems. None of these models is applicable to the transport
of the multi-components into a clay barrier which acts as a membrane in which chemico-
osmotic, ion restriction and charge of clay surface effects on the transport of heavy metals
must be considered (Yong and Samani, 1988).

For proper design of the clay barrier, the models must incorporate all the significant
chemical interactions and physical processes. In addition, a strategy for simulating the long-
term transport of heavy metals through clay barriers and the adsorption/desorption potential
of heavy metals under different environmental conditions (leachate and soil characteristics)
is needed. Adequate techniques are needed to provide good estimates of the movement and
attenuation of contaminants after they are released into the subsurface system to assess their
environmental effects. Thus, there is a great need to model heavy metals transport of chemica!

species incorporating chemical reactions along the flow path. The problem can be
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approached through a system of coupled solute transport equations, and chemical reaction
equations (Darban et al., 1995).

This study is aimed at developing a COupled Solute Transport and Chemical
Equilibrium Speciation (COSTCHESP) model which accounts for most of the hydro-
geochemical interactions of the multi-components with the clay liner, through the coupling
of the geochemical and transport models. In order to determine the reliability of the model,
some laboratory experiments are carried out and the simulated model will be compared with
experimental resuits. Coupled solute transport and chemical reaction will be simulated
through the column leaching test. Then, using the experimental data, long-term migration and
retention behaviour of the heavy metals will be predicted by calibration of the proposed
model. The sensitivity of the parameters in the simulated model will also be evaluated.

Through theoretical, laboratory and mathematicai modelling we can make important
contributions to the development of an improved predictive capability. The proposed
geochemical transport model will lead to proper identification of the form of specific ions
(i.e., adsorbed or precipitated into soils and remaining in the solution). This type of model
provides a useful tool for geo-environmental engineers because of the advantages it provides
when it comes to the following:

(D) assessing the importance of geochemical reactions on the transport of heavy
metals in groundwater, considering contaminant interaction and soil
composition;

2) providing the means for existing models to account for some of the
fundamental chemical processes that occur among transported solutes;

(3 predicting the forms of metals that are partitioned in the clay barmier; and

4) indicating the potential availability of the heavy metals, particularly, if one
recognizes that the local equilibrium pH environment is neither stagnant nor

uniform throughout the subsurface beneath the waste landfill.
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1.3 Restrictions of the Existing Solute Transport Models
The existing transport models (Cederberg, 1985; Yong and Samani, 1988) may not

be applied for the transport of heavy metals in clay barriers. These models have the

following limitations:

(1) Dissolved concentration of each component is predicted, regardiess of the speciation
effects of the other contaminants along the flow path.

(i) Physico-chemical interactions among the heavy metals solutions, other contaminants
and sotl-surface properties (such as cation exchange capacity, surface area) cannot be
simulated.

(i)  Profiles of the heavy metals partitioning ( dissoived in aqueous phase and adsorbed
or precipitated on the clay surface) cannot be predicted.

(iv) The forces acting between clay surface, solute and solvent cannot be simulated.
These forces are themselves dependent on the properties of solutes and surface of
the clays that are involved in the adsorption processes.

(v) Chemico-osmotic forces acting between the compacted clay surface and the solute
are not considered since clay soil, which is often used as a barrier, behaves as a leaky
semi-permeable membrane (Yong er al. 1992) and hence, the flow of heavy metals of
an electrolyte solution through clay soils is restricted relative to that of fluid. The
lower the porosity and permeability of the clay mineral, the more important is the
chemico-osmotic effect.

(vi)  The diffusion/dispersion coefficient of the various contaminant ions cannot be
assumed constant since the driving force for ionic movement is not only affected by

the molecular diffusion due to the concentration gradient, but also by the seepage velocity

due to the hydraulic gradient of the flow and pH of the solution. These factors are, to a very

large extent, functions of concentrations of the solute components (Darban et al. 1997).
On the other hand, geochemical models (Parkhurst er a/., 1980; Sposito and

Mattigold, 1988) provide the equilibrium distribution (dissolved, adsorbed and precipitated)

of muiti-components of heavy metals in a batch test. It considers all chemical reactions

including aqueous complex, reduction/oxidation, acid/base reactions, sorption via surface
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reactions and precipitation/ dissolution. It does not provide the partitioning of multi-
components with time and space unless coupled to a suitable transport model, as conducted

in this study.

1.4 Scope and Objectives of the Study

Although clay soil sealing has been used for the construction of new waste disposal
sites, in order to protect the groundwater from contamination by hazardous seepage waters,
the total criteria which lead to the prediction of long term adsorption/desorption of heavy
metals in a multi-component contaminant system have not been clearly detined. This lack of
understanding is due to the limited consideration that has been given to the interaction
between clay soil constituents and leachate composition at the different environmental
conditions. This study is aimed at investigating, experimentaily and theoretically, the COupled
Solute Transport and Chemical Equlibrium Speciation (COSTCHESP) model of multi-
components. This represents most of the hydrogeochemical interactions of multi-components
of heavy metais in a clay liner. The main objectives of this research are as follows:
1. To develop a technique for incorporating muiti-component equilibrium chemistry into

the solute transport model for the prediction of heavy metals transport in clay soil.

(8]

To determine the role of multi-component contaminants to distribution of heavy
metals (dissolved, adsorbed, precipitated) as a function of clay soil inorganic content
(clay minerals, amorphous matenals, and carbonate) along the depth of clay liner with
time for an acidified leachate.

To predict long term mugration and retention of a muiti-component heavy

)

metals solution into a clay barrier through the proposed model, suitably calibrated
with column leaching test resulits.
To achieve these objectives and goals, various tasks were performed. These included
model development and an experimental program.
(1) investigation of the migration behaviour (adsorption and desorption) of heavy metals
through batch equilibrium and column leaching under different pH and soil inorganic
constituents using complexing ligands, i.e. Cl and metal-ethylene- diamine-tetra acetic
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(i1)

(1)

(iv)

(v)

(v1)
(vit)

acid EDTA.
review of existing geochemical/transport modeis in order to evaluate their capability
for coupling.
modifving the existing codes for development of a predictive model capable of
explaining the hydro-geochemical transport processes into natural soil, considering

the ion restriction, chemico/osmotic and diffusion/dispersion coefficient effects.

Once the coupled model is deveioped, the following tasks can be identified:
computing the required parameters (such as diffusion coefficient, osmotic and ion
restriction effects coefficients, adsorption characteristics) through matching of model
predictions and experimental results, using an optimization technique.

validating the modei by using experimental resulits from the column leaching tests,
accompanied by sequential extraction techniques to establish possible partitioning of
the heavy metals into the inorganic part of the soil.

comparing the K, approach to the proposed hydro-geochemical transport modelling.
discussing possibie applications of the proposed hydrogeochemical transport model
in the field (e.g. immobilization of heavy metals on site, and availability of heavy

metals). The general scheme of the present study is shown in Fig. 1.2.
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Figure 1.2 General Scheme of the Present Study.
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1.5 Innovative Aspect

The partitioning of heavy metals between the solid and liquid phases is an important
issue in the control of heavy metals migration through porous media. Prior to the last decade,
the possibility of managing pH was used as a strategy for controlling migration of heavy
metals. [n general, it was suggested that the pH should be kept at values higher than 6.5, by
the addition of chemicals such sodium hydroxide or calcium carbonate (lime). Several studies
have indicated the fragility of simple pH management on the determination of definitive metal
attenuation. According to the literature (Walter ez a/., 1994, Reddi et al., 1997), there is no
appropniate model which also predicts how the heavy metals are being partitioned (adsorbed
or precipitated on solids or remaining in solution) into a clay barrier, and what physico-
chemical interactions govern the partitioning of heavy metals at different environmental
conditions (pH, soil constituents, leachate constituents).

The current design of clay barriers is based on the migration distribution coefficient
or isotherm adsorption named K, approach (Freeze and Cherry, 1979; Melisson er al..
1995). It is based on the general contaminant transport model in which the adsorption
parameter 1s obtained for individual components through the batch equilibrium test at constant
pH, regardless of the speciation effects of other contaminants in the solution and hydro-
geochemical parameters (i.e. seepage velocity, surface properties of the soil).

In this research, the new model has been developed by coupling of the geochemical
model and transport models which account for most of the hydro-chemical interactions
between the contaminants and clay barrier materials. The model has the capability to simulate
the simultaneous processes of advective-dispersive transport (advection, diffusion, osmotic
and ion restriction effect) and geochemical reactions (cation exchange, precipitation,
adsorption and desorption). The model will lead to a proper identification of the form of

specific ions ( i.e. adsorbed and precipitated on solid, and available in solution).
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1.6 Organization of the Thesis
The thesis consists of 10 chapters and 7 appendices, the contents of which are as
follows:

Chapter 1 is the introductory chapter in which the problem is presented together with the
purposes and scope of the present study. Also, a note on the innovative aspect
of this study is presented. This section is part of this chapter.

Chapter 2 summarizes the literature published to date on the known factors involved
in the attenuation, which influence the mobility of the heavy metal within the
soil systems. Based on these factors, a laboratory program is designed to
simulate multi-component transport of heavy metals in clay. In addition, the
materials and methods used in the performance of the tests are described.

Chapter 3 initially evaluates the state-of- the art of work with respect to geochemical
and transport models. Next coupled models are considered with a detailed
formulation of COupied Solute Transport and Chemical Equiibrium
Speciation (COSTCHESP) in clay, and the proposed solution technique.

Chapter 4 presents the results of soil physical and chemical properties used in this study
and renders the final resuits of the batch equilibrium test and the sequential
extraction technique and discusses the effect of C1 and EDTA concentrations
on heavy metals retention.

Chapter 5 describes the resuits of the column leaching test for artificial soil and leachate
solution, the calibration of proposed model and prediction of long term
retention and mugraticn of heavy metals into the clay barrier.

Chapter 6  interprets the simulation of the proposed COupled Solute Transport and
Chemical Reaction Model for leaching of actual leachate into natural soil and
compares the results with the experimental leaching test.

Chapter 7  describes the results for leaching of heavy metals spiked with EDTA for
different clays, and simulation by the proposed model.

Chapter 8  contains the results of the column leaching test for decontamination of

different clay soils using EDTA as leachate, and simulation of proposed model
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Chapter 9

Chapter 10

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E

Appendix ¥

for desorption of heavy metals.
discusses the sensitivity of results to variations in chemical parameter, soil
properties and pH of the solution.

outlines a summary of the main conclusions of this research and contains

recommendations for future work.

demonstrates the main subroutines in COSTCHESP program.

describes the COST derivation.

presents the adsorption model in CHESP program.

presents a sample of input of CHESP and COST for all cases.

summarizes a sample speciation result for CHESP and COSTCHESP for all
cases.

presents program listing of the COSTCHESP.

Appendix G presents program listing for PET.
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Experimental Investigation

Chapter 2

Experimental Investigation

2.1 General Remarks

Unquestionably, industrial practices are responsible for a high proportion of the heavy
metals disposed in the environment. The general philosophy of waste disposal (industrial
and/or domestic) is to ensure that substances that are considered toxic, such as heavy metals,
do not pose a threat to the environment. Achievement of this objective requires proper
understanding of the physico-chemical interaction of heavy metals solutions with a clay liner
during the design period. To do so, the important factors that contribute to attenuation of
heavy metals in a clay barmier should be identified.

In this chapter, previous research works are reviewed to determine the important
factors that influence the retention of the heavy metals within soil systems. The tendency of
heavy metals to reside in soils for a long ume has been noted in this review; however , the
factors controlling the mobility of heavy metals were only briefly mentioned. From this
investigation, a laboratory model was designed to simulate the one dimensional contaminant

transport of multi-component heavy metals through a clay liner.

2.2 Factors Affecting Heavy Metal Attenuation of Heavy Metais in Clayey Soil

The attenuation of heavy metals in the clay barrier in waste disposal landfills has
already been an issue of great importance as far as the migration control of waste leachate
into groundwater (Farah and Pickering, 1979; Yanful, 1986; Yong et a/., 1992; Cabral and
Yong, 1993; and Mohamed et al., 1994). Heavy metals may be retained in a clay barrier by
adsorption or precipitation mechanisms. The term ‘adsorption’ in this thesis refers to any of
the processes by which dissolved heavy metals, become attached to the surface of soil (solids)
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particles through mechanisms which seek to satisfy the forces of attraction from the soil solids
(surfaces). This includes physical adsorption (physisorption), occurring principally as a result
of ion-exchange reactions and van der Waals forces, and chemical adsorption (chemisorption)
which involves short-range chemical valence bonds (Yong e al., 1992). Such processes
represent the means by which the forces of attraction existing at the surfaces are satisfied.
Yonful (1986) notes that causes of adsorption, other than electrostatic attraction, include
changes in the hydration state of adsorbent or adsorbate, interaction between the adsorbate
molecules or ions themselves, covalent, van der Waals or hydrogen bonding between the
adsorbate and adsorbent. These processes are governed by the surface properties of the soil
solids (inorganic and organic), and the chemistry and physical-chemistry of the contaminant
leachate and its constituents, e.g. cations, anions and nonionic molecules.

Specific adsorption arises from electrostatic attraction augmented by hydrogen
bonding, coordinate bonding or van der Waals bonding. In specific cation adsorption, the
adsorbed cations are held much more strongly by the adsorbent surface because they
penetrate the coordination shell of the structural atom. Cation exchange or non-specific
adsorption of heavy metals and most of alkali/ and alkaline earth cations occurs on clay
minerals and other negatively charged soil surfaces (Sposito, 1990). The action of exchange
adsorption is accompanied by a simuitaneous desorption of an equivalent amount of other
ionic species. These cations are held primarily by electrostatic or columbic forces near the
negatively charged surfaces.

Precipitation of heavy metals as insoluble solids is likely to occur whenever the
activity product of the ionic species in solution exceeds equilibrium solubility of the solid
phase involving the ions (Sposito, 1984). Conversely, whenever the ionic concentrations drop
below the equilibrium solubility of the solid phase, that phase begins to dissolve. The limited
solubilities of heavy metals carbonates, sulphide and hydroxides suggest that high
concentrations of dissolved metals in landfill leachates couid result in their precipitation. The
precipitation reaction will be governed by the amounts of total dissoived carbonate and
sulphide in the leachate and the redox-pH regime. The partial pressure of carbon dioxide

(CO,) has been noted as the major chemical variable controlling the precipitation of hcuivy
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metal carbonates (Freeze and Cherry, 1979).

The factors governing the removal of solutes from solution are: (i) the concentration
of dissolved metal species, other inorganic contaminants and their distribution, (ii)
concentration of competing cations such as alkaline and alkaline earth, (iii) concentration of
organic and inorganic ligand that can complex with the metal, (iv) electron availability as
measured by oxidation-reduction potential, E, and ability of the clay barrier constituents to
adsorb the heavy metal which is indirectly related to the pH of the soil solution, CEC, and
surface area of the clay liner. In other words, the process of retention is governed by the
surface properties of the clay (inorganic and organic), and the chemistry and physical-
chemistry of the contaminant leachate and its constituents (Yong er a/., 1995). In the
following section the contribution of soil composition and leachate constituents to heavy

metals are briefly discussed.

2.2.1 Seil Composition

Most of the previous research has focused on the effect of organic content of clay soil
on heavy metals retention (Davis, 1984; Yong er al., 1995). However, several investigators
have shown that the inorganic part of the soil has a great influence on the retention of heavy
metals (Harter, 1983; Harsh and Donner, 1984; Zhan, 1986; Yanful er a/, 1988a; Zahn,
1989: Oscarson and Heimann, 1990; Holm, and Zho, 1994; Warren and Zimmerman, 1994;
Ohtsubo, 1994; and Boily and Fein, 1995). The partitioning of heavy metals in the inorganic
part of the soil has been explored in terms of several mechanisms, such as cation exchange,
precipitation of solid phase (as oxides, hydroxides, carbonates), and complexation reaction
(Elliot et al., 1986, and Yong et al., 1995). In the inorganic fraction, clay minerals,
carbonates and hydrous oxides of Fe, Al, Si, and Mn have a high affinity for contaminants.
The mobility of heavy metals in several soils indicates that the least mobility was obtained in
a muneral soil with a relatively high pH, Cation Exchange Capacity (CEC), and exchangeable
base content (Phadungchewit, 1990). The CEC is the amount of cations that can be adsorbed
exchangeably by a sclid phase from solution at specified temperature, ionic strength and ionic

species.
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Less attention has been paid to the modelling of retention of heavy metals in the
inorganic part of the clay barrier, particularly in a multi-component system for a leaching
column test which closely simulates the field condition. This research deals with the effect
of the inorganic constituents of the soil thus the contribution of each inorganic constituent
mentioned above such as clay minerals, carbonate and amorphous content, and pH of the

solution to the heavy metals transport/immobilization is investigated.

2.2.2 Clay Surface Charge
Surface charge of the clay plays an important role in the heavy metals retention or
immobilization of heavy metals into the clay barrier, thus the effect of charge should be
considered in the modelling of the heavy metals in soil. Surface charge can be classified into
three types: (1) permanent structural charge, (2) coordinative surface charge, and (3)
dissolved surface charge (Yong er al/., 1992). Permanent structural charge is associated with
the charge due to isomorphous substitutions in minerals, such as that due to substitution of
Al*" for Si*" in tetrahedral sites of the crystal lattice of silicate minerals. This charge is
almost always negative among minerals commonly found in soils and sediments.
Montmorillonite and bentonite can be considered as two permanent charge clay matenals.
Positive adsorption of heavy metals cationic species such as Zn*", Pb*" and their
hydrolysed species (ZnOH", PbOH ) through electrostatic attraction is then possible.
Kaolinite has a very low permanent charge. The pH-dependent charge of a clay soil such as
kaolinite is considered to arise primarily from gain or loss of H' (Yong and Warkentin, 1975).
The main inorganic functional group is [OH] and it becomes important when primary bonds
are broken at the edges of clay minerals. The pH-dependency of charge is more important for
kaolinite clay which is 1:1 minerals than for 2:1 type minerals such as smectites and
vermiculites, because of the greater surface edge of 1:1 clay minerals (Yong es al., 1992).
The coordinative surface charge is the charge associated with the reactions of
potential-determining ions with surface functional groups. For oxides, such reactions include
the adsorption of H or OH" by the surface, but also include coordination reactions of other

ions with surface functional groups. The charge on particles is usually expressed as a surface
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density 0, , in units of charge per unit area (C m™). The net particle surface charge is defined
as the sum of the surface densities of permanent structural charge. g, and coordinative surface

charge, o, (Sposito, 1984).
0,=0,+0,

[n general, this sum will not be equal to zero, and to preserve electro neutrality, a counterion
charge must be accumulate near the particle surface, o4. The portion of the counterion charge
that is presented as a dissociated charge in the diffuse layer is referred to as g,. The surface,
compact, and diffuse layer charges are referred to collectively as an Electrical Double Layer
(EDL). The theory which deals with attenuation of heavy metals based on EDL is called
surface complexation which uses the formalism of ion association reactions in solution as a
representative of surface reactions. This theory evolves from the Gouy (1910) and Chapman
(1913) theory to Stern (1924) and Graham (1947) and Hunter, (1987) which considers
asymmetrical electrolyte for charge potential. Detailed derivations and discussion of the
governing equations are given in Sposito (1984) and Yong er al. (1992). Because of the
complexity of natural systems, the empirical approach has been widely used in describing the
partitioning of solutes between the mineral and water phases in geochemical applications,
especially in transport models and engineering applications. Surface complexation models,
on the other hand, have been used primarily by aquatic scientists interested in developing a
thermodynamic understanding of the coordinative properties of mineral surface ligand groups
via laboratory investigation.

A number of different surface complexation models have been proposed in the last
two decades. Each model assumes a particular interfacial structure, resulting in the
consideration of various kinds of surface reactions and electrostatic correction factors to mass
law equations. While the models differ in their consideration of interfacial structure, ail the
models reduce to a set of simultaneous equations that can be solved numerically (Allison ez
al., 1993). These equations include: (i) mass law equations for all surface reactions under

consideration, (i) a mole balance equation for surface sites, (iii) an equation for computation
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of surface charge, and (iv) a set of equations representing the constraints imposed by the
model of interfacial structure.

All above mentioned models need experimental data to determine the required

parameters.

2.2.3 The Mobility of Heavy Metals in Clay

According to Walsh ez al. (1984), Yanful (1986) and Phadungchewit (1990), at acidic
pH values, precipitated heavy metals re-dissolve and become mobile. This study indicated that
heavy metals are not significantly removed from solutions at pH levels below 5. This is due
to the increased solubility of the carbonates and hydroxides of heavy metals and the increased
competition for exchange sites on clay offered by the hydrogen ion.

On the other hand, leachate constituents affect the heavy metals mobility in the clay
barrier. Complexation of metal ions by ligands present in the leachate can significantly alter
their adsorption by mineral surfaces (Bourg and Schnidler, 1978; Davis and Leckie, 1978;
Schindler and Stumm , 1987). Chloride and sulfate complexes of Cd are weakly adsorbed by
clay mineral surfaces in comparison to Cd* (Benjamin and Leckie, 1982), and metal-ethylene-
diamine-tetra acetic acid (EDTA) complexes are generally not adsorbed by the surfaces of
silica, manganese oxides, calcite, or aluminosilicate minerals (van den Berg, 1982; Bowers
and Haung, 1986; Davis 1984; Hunter, 1987). In these cases, the mineral surface sites and
dissolved ligands compete thermodynamically for coordination of metal ions, and the net
adsorption of the metal ion at equilibrium can be estimated from straightforward equilibrrum
calculations (Benjamin and Leckie, 1982; Fuller and Davis, 1987). Fein et al. (1995) studic.
the quantitative assessment of the importance of metal complexation with organic solution.
Hahne and Kroontje (1973), Bowman (1981), Elliott ez a/. (1986), Sheremata (1990) found
increased metal mobility with the presence of an inorganic solution such as chloride (CI) ion,
due apparently to complex formation. Thus, contaminant interaction plays a majcr role in
the heavy metals mobility in soils.

The transport and immobilization processes of heavy metals are similar to those of

other cations but some differences exist. The initial mobility, after addition to soils, will
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largely depend on the form in which the heavy metals are added, which in turn, will depend
on the source. In landfill leachate heavy metals may be present as complexes with soluble
organic, free uncompiexed cations and inorganic complexes such as CuClI”, CuCl",, Pb(OH)".
Heavy metals leachate may be transported in a clay liner in any of the forms mentioned above,
depending on the pH of the soil solution. At slightly high pH levels (6.5-8.5) heavy metals will
exist mostly as hydroxy complexes if there are no other ligands in the soil solution with which
the metals form more stable complexes. Thus, heavy metais in a clay liner may be transported
in different forms such as i) simple uncompiexed dissolved cationic species; ii) dissolved
organic and inorganic complexes; and iii) adsorbed or precipitated along the depth of the clay
liner .

From the review of earlier described concepts, an illustrated diagram portraying the
various parameters which contribute to mobilization of heavy metals with a clay liner can be

structured as shown in Figure 2.1.
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Figure 2.1 Factors Affecting Mobility of Heavy Metals (After Galvez, 1995).

2.3 Experimental Program

The experimental program is designed to simulate the coupled solute transport and

chemical reaction of the multi-components of heavy metals in clay and to present

implementation of the following tasks:

1.

o

W

To study migration and retention profiles of the contaminant solutes such as
heavy metals (i.e. Pb, Zn), and their interactions in the bulk solution.

To use the results of the test for parameter estimation and calibration of the
model.

To investigate the partitioning of the heavy metals (dissolved, adsarbed on
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solid. and precipitated) in a multi-component system.

4. To verify the role of the inorganic fraction (carbonates, oxides and
hydroxides) of soil in heavy metals retention.

5. To validate the proposed model for the transport of a multi-contaminant

system with the experimental results.

The proposed program would be carried out in two parts. The first part involves investigation
of the effect of inorganic ligands such as Cl and dissolved organic complexing component
such as EDTA to heavy metals partitioning in different clay soil through batch equilibium
tests followed by sequential extraction techniques. The second part involves the experimental
program to simulate the coupled solute transport and chemical reaction of heavy metals in
multi-component system into different clay soil through the column leaching tests. Two types
of the experiments were designed for coupled processes:

1) retention of heavy metals along the clay liner (immobilization), and

i1) mobilization of heavy metals from the contaminated clay liner (remediation/

mobilization).

For immobilization, the effects of Cl as an inorganic ligand and EDTA as a
complexing agent on adsorption of heavy metals along the clay soil column at various times
have been investigated. This part of the study is aimed at evaluating how multiple
components affect the mobility of heavy metals into different clay soils. and how different
functions of the soil material contribute to heavy metals retention.

For soil remediation, heavy metals that have aiready been adsorbed by clay, are
mobilized by EDTA as leachate, to evaluate how effective EDTA is in removing heavy
metals from the different clay soils. The basis of these two parts is described in the following

sections.
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2.3.1 Material

Generally, soil components include carbonates; silt; hydrous oxides of Fe, Al, Si, and
Mn; clay minerals; and organic matter. Thus, in order to perform the test in a controlled
environment, simple clay minerals such as kaolinite are used (characterized by low specific
surface areas of 12 m%/g, low CEC of about 15 meq/100g, maximum dry densities of 1.35
mg/m?, and low hydraulic conductivity of 1.73 x 107 cm/sec for the compacted samples)
mixed at a predetermined ratic with amorphous silica (silica gel) and carbonate to simulate
the soil composition effect on heavy metals retention.

Kaolinite, Hydrate PX (Georgia Kaolin Co.) was selected as the clay mineral for a
number of reasons; kaolinite is least reactive of clay minerals, it is very low in amorphous
content and has no quartz, smectites, carbonate or organic matter. The absence of carbonate
and amorphous will make it possible to study the effects of both the absence and the presence
of the carbonate and amorphous materials.

Silica gel was chosen because it has a high affinity for adsorption of heavy metals at
low pH and the potential of using fly ash as a treatment material for low buffer clay liner
(calctum carbonate was selected as an additive because most of Quebec soil contains 10-1
5% carbonate and also because of the potential use of calcium carbonate (sandstone)
instead of lime for immobilization of heavy metals in the Acid M ine Drainage (AMD)
problem (Mohamed er al., 1994).

Organic matter was not used in this stu +dy because the presence of organic matter
requires consideration of the biological effect on transport of heavy metals which is not
within the scope of this study. The prepared soils we re air dried and ground to pass a 2 mm
sieve. They were subjected to a variety of chemical and physical tests including soil pH
measurement, cation exchange capacity determin+ation and surface area measurement. Soil
pH was measured in 1:2 soil-water solution ratio with a Beckman pH meter pH/ISE type.
The surface areas were determined using Ethylene Glycol-Monoethyle Ether (EGME),
according to the procedure described by Warren and Zimmerman (1994). The CEC of the soil
was determined by the silver thiourea method (Chabra er a/., 1975). Because of the exclusion
of the organic part of the soil, the clay, carbonate and hydrous oxides of the soil are
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responsible for the adsorption of heavy metals. They possess either high surface areas or high
buffer capacity which indirectly exhibit higher retention for heavy metals.

2.3.2 Method
The above mentioned objectives will be examined through the batch equilibrium test
followed by the sequential extraction technique and column leaching test as described by

Yong er al. (1992).

2.3.2.1 Batch Test

The batch equilibrium test was carried out in order to have a preliminary estimation
of the adsorption characteristics of each heavy metal, and to compare this K; with the one
computed through the column test. Batch tests may also be used to “obtain an estimate of
how many pore volumes of flow will be necessary to achieve breakthrough of a constituent
into the effluent liquid” (Bowders ez al., 1986). “Only a rough estimate can actually be
obtained (if any at ail !), because the adsorption characteristics of compacted material are not
the same as that of soil in a suspension” (Cabral and Yong, 1993). The batch technique does
not appear to reflect heavy metals migration and adsorption characteristics through a barner
as well as the “column leaching” technique due to following reasons (i) a very high solution
to soil ratio is generally used in a batch test and this does not reflect leachate-soil interactions
which exist in landfills, (i) in most batch tests equilibrium is generally attained within 24
hours of shaking.

Batch equilibrium tests were performed following the procedure described by EPA
(1987) (equivalent to the ASTM standards ES-10-85 and D4319, described in a simplified
form in Bowders et a/., 1986). For the batch test, a set of solutions, each solution having the
same concentration of Pb and Zn in the range of 1.0 x 10 to 10.0 x 10”° mol/L but with
increasing acid concentration (to determine the effect of soil solution pH on heavy metals
retention), was applied separately and compositely to the soils at 1:10 soil-solution ratio (2
g of dry soil and 20 mi of solution). The amount of each heavy metal applied is equivalent
to 1.0 cnol/kg and 10.0 cmol/kg soil. A set of batch tests was also carried out to study the
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effect of complexation with an inorganic complexing agent such as chioride on the mobility
of heavy metals. In this type of batch test the same concentration of heavy metals with
increasing chloride concentration in the range of 0.05 to 1.00 mol/L was used. Another set
of batch tests was also carried out to study the effect of complexation with an organic
complexing agent such as EDTA on the mobility of heavy metals. In this type of batch test
the same concentration of heavy metals with increasing EDTA concentration in the range
0f 0.001 t0 0.01 mol/L was used.

For the batch test procedure, the mixture suspension was placed in an acid-cleaned
polycarbonate centrifuge tube, and the tubes were shaken overnight (preliminary experiments
showed that equilibrium was attained within 1 hour ). After equilibration, the suspensions
were centrifuged at 10,000 rpm for 10 min, filtered, lowered the pH of the solution to 3.0
(to prevent precipitation of heavy metals) and diluted to 1/10 or 1/100 for the case of high
heavy metal concentrations. The dissolved metal concentrations in the clear supernatant were
determined by atomic adsorption spectrophotometry (AAS). Five standard solutions were
used for the calibration of the AAS. A standard deviation of 2-5 % was accepted for
measuring dissolved concentration by AAS. A schematic of various solutions which were
applied to the each type of prepared clay (kaolinite, kaolinite + silica gel, kaolinite + calcium
carbonate, and kaolinite + silica gel and calcium carbonate) at 1:10 soil-solution ratio in the

equilibrium test program is shown in Figure 2.2.
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Figure 2.2 Batch Test Program.

2.3.2.2 Selective Sequential Extraction

The contaminated soil, which was separated from supernatant, was subjcetd to a
selective sequential extraction procedure to study the effect of the inorganic part of the soil
(1.e. carbonate and oxides) on heavy metals partitioning. Sequential extraction techniques
have been widely used for the speciation analysis of major and trace elements in soils (Rapin
et al., 1986; Yanful, 1986; Yong er al, 1992). Selective sequential extraction uses
appropriate chemical reagents in such a manner that different heavy metals fractions can be
released from the solids.

The sequence of application of the extractant reagents is not uniform, and sequences
appear to differ between different researchers. Most include up to five extractants: (i) cation
exchange extractants, metals in this group are identified as in the exchangeablie phase and are
considered to be nonspecifically adsorbed and ion exchangeable, i.e. they can be replaced by
competing cations, (ii) carbonate dissolving extractants, metals precipitated or coprecipitated
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as natural carbonates which can be released by application of an acid; (iii) extractants that
release heavy metals associated with metal oxides, i.e. amorphous material, the metals
considered here are those metals that are attached to amorphous or poorly crystallized oxides,
this extractant uses a combination of an acid-reducing agent with acetic acid; (iv) extractants
that release organic and sulphide-bound metals, and (v) strong acidic exiractants for
dissolving silicates that have not been attacked by the milder reagents. A more complete
procedure of the various interacting-retentive mechanisms can be found in Yong ef al.
(1992). The procedure used in this research, for the sequential extraction, is basically the
same as that recommended by Yanfull e a/. (1988 b). Since the soil used in this study was
free of organic matter, there was no heavy metals bound to the organic matter. The
experiments included those with constant total metal concentration and pH variation, and

others with constant pH and variable metal concentrations.

2.3.2.3 Column Leaching Test

The column leaching test was designed to obtain the migration and retention profiles
of heavy metals in the clay barrier and to compute the adsorption and transport parameters.
Two types of column leaching were carried out; (1) using artificial heavy metais leachate in
kaolinite and kaolinite mixtures (K, KS, KC, KSC) and (2) using actual leachate into natural
soil. Prior to column testing, dry soil was mixed with distilled water at about 3% above
opumum water content (Phifer ez a/., 1995). The soil was then placed in a plastic container
and allowed to equilibrate in a humid room for at least 24 hours, and then compacted
statically in a lucite cell to its maximum dry density in 3 layers of 16 mm, each layer required
a pressure of 1500 psi (10342.5 kPa).

The weight of soil needed for the individual compacted layers was calculated from the
maximum dry density and initial mouiding water content. The weight calculated for each layer
varied between 50.00 to 60.00 g depending on the type of kaolinite mixtures (K, KS, KC,
KSCQ).

Each cell consisted of a hollow plexiglass cylinder 5 mm thick, with an outside

diameter of 50 mm , a height of 50 mm, a top cap with 2 30 mm height for solution supply,
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and a base for outlet at the bottom of the cylinder. The Lucite cell with neoprene O-ring seals
was sandwiched between the top cap and a Lucite bottom plate.

The soil height was kept at 50 mm. A 3 mm thick porous stone was placed on top of
the soil core to ensure uniform distribution of the hydraulic pressure on the soil surface.
Another similar porous stone was used at the column base to collect and channel the effluent
to the drainage outlet. A schematic picture of the cell is shown tn Figure 2.3.

A hydraulic head of 2.00 m was applied to simulate the pressure head by applying an
air pressure of 2.75 psi (18.350 kPa) equivalent to a hydraulic head of 2 m, resulting in a
hydraulic gradient of 40.

First, steady state fluid flow was established by distilled water through the soil
sample; then the fluid flow in the influent reservoir was exchanged for the solution of heavy
metals spiked with chloride saits or EDTA as inorganic or organic complexing agents that
will be referred to as the multi-component contaminants of heavy metals. The pH of the

leachate was also lowered to 3.0 by adding some concentrated HNO;.

: Air Pressure Inlet

' ; ; '~— [nlet for Permeant
Jmm - - i Solution
Somm | —_— i ,

'1 : — T Premeant Solution

! ! Ll .

. Je—20mm '

‘—z_l T I i

to e = ‘ S mm Porous Stone

] i ]

o I

| B [ .
50 mm ;: i ¥ Compacted Soil

B : 1
i . .
' . ;|
N —
10mm , 5 i 5 mm Porous Stone
’—r’ ‘ - h
l | | 1 Effluent Outlet

Figure 2.3 Leaching Cell
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The effluent of each cell was monitored and measured over time. Leaching was
stopped at one, two, three, five and seven pore volumes of effluent (a PV of flow for a
saturated soil is the cumulative volume of flow divided by the volume of the void space). The
concentration C, of the chemical species appearing in the effluent, named “leached out
concentration”, was measured and then soil specimens were extruded, cut into 10-mm-thick
slices, and the sliced specimens were analysed for pore fluid contents (soluble ions) and
extractable ions (ASTM 1984). This is in order to compute the effective diffusion parameter
and, effective adsorption characteristic of the sliced specimens by measuring migrated and
retained heavy metals at each section along the depth.

Two types of heavy metals solution were chosen; lead and zinc. The choice of these
two heavy metals is related to their mobility in soil (Phadungchewit, 1990), to the different
selective affinity of ciay minerals for these two heavy metals and to the fact that these two
heavy metals are generally present in hazardous waste leachates. The concentration of each
heavy metal was kept constant at 1 mmol/L (207 ppm for lead and 64 ppm for zinc) during
the leaching which is a typical concentraton of municipal landfill leachate ( a range of 5 ppm
to 5000 ppm for Pb and 1 to 1000 ppm was reported,Yong ef al/, 1992). Two types of
conjugate anions were used for the above mentioned heavy metals, namely nitrate, and
chloride (NO3-, CI").

In order to keep an acidic environment for the solution of heavy metals, it was decided
to lower the pH of the lead solution to 3.0 by the addition of nitric acid because ; (i) below
pH of 3.0, no significant precipitation occurs, i.e., most of Pb remains in solution, (ii)
migration of heavy metals is facilitated in acidic conditions, and it was also our purpose here
to create the worst scenario of contamination (Yong, 1996). To simulate the mobilization or
desorption of heavy metals from contaminated soil EDTA at a concentration of 0.01 mol/L
and pH of 4.5 was used as a permeant. This is because the mobilization of contaminated illite
soil with heavy metals through soil washing by EDTA has been successfully performed by
Castellan (1996) in the batch test with the above mentioned concentration and pH for EDTA.
The concentration of cations and heavy metals was determined using Perkin-Elmer Model

3110 atomic adsorption spectrophotometer (AAS). The procedures used in the preparation
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of the test, material, as well as the sequence of execution of the column leaching test are

shown schematically in Figure 2.4.
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Figure 2.4 Leaching Column Test Scheme.
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2.4 Summary

In this chapter, the important factors which influence the partitioning of heavy metals
within the soil systems were reviewed. A laboratory model was designed to simulate the one
dimensional contaminant transport of multi-component heavy metals through a clay liner. A
set of batch equilibrium tests was proposed in order to obtain an estimation of the role of pH
of the soil solution, chloride and EDTA concentrations on the partitioning of heavy metals
into different clay soils. A median chioride (0.05 molL) and EDTA (0.01 molL)
concentration was selected for simulation of multi-component heavy metals into different

clay soils to investigate how soil components partitioned the heavy metals.
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Chapter 3

Model Development

3.1 General Remarks

The recognized mechanisms that affect the transport of solutes through saturated
geologic materials include, transport as result of the bulk motion of the fluid phase
(advection), dispersive transport caused by velocity variation about the mean velocity, and
by molecular diffusion; and geochemical retardation processes. The transport is described by
a set of partial differential equations and the chemical reactions are described by a set of
nonlinear algebraic equations.

In this chapter, the state-of-the-art in respect to geochemical and transport medels and
the coupled ones is reviewed. This review emphasizes the muiti-component transport of heavy
metals in clayey soil. Thereafter an effort will be made to develop 2 mathematical model for
coupling the geochemical with transport models which generally represent physico-chemical

interaction of multi components of heavy metals in a clay liner.

3.2 Geochemical Speciation Model

Due to the chemical interactions among the different ions in the aqueous phase and
soil particles, geochemical models have been used as a tool to estimate the equilibrium
distribution of chemical species. From the geochemical models concentrations and activities
of dissolved, sorbed and precipitated species are predicted in a batch test when reactants are
added to soil, temperature is changed, or pressure of gases alters. There are a variety of
chemical reactions found in these speciation models which may include complexation,
sorption, dissolution/precipitation, oxidation/redox reaction, mineral alteration, and gas-

solution equilibria chemical reactions.
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Prior to and up until 1980 there were numerous speciation models being developed.
[n contrast, the activity in the last decade has involved computer model documentation and
model refinement which has produced fewer computer model versions. The equilibrium
composition or distribution of dissolved species can be computed by two distinct techmques,
namely, the equilibrium constant and the Gibbs free energy approach. These techniques are
thermodynamically and mathematically related and are both subjected to mass balance and
chemical equilibrium constraints.

Various geochemical models have been developed, each having a different purpose
or application. The widely used models are PHREEQE (Parkhurst er a/., 1991), EQ3NR
(Wolery, 1992) MINTEQ (Allison er a/., 1993) and GEOCHEM (Sposito and Mattigold,
1988). Several comparative studies ( Parkhust et al., 1991; and Waite, 1989) have revealed
erther directly, or indirectly, that the major source of discrepancy is the thermodynamic data
base belonging to each chemical model. The research done by Chan (1993) involving the
comparison of the above mentioned models on the basis of model sensitivities to pH,
temperature variations and consistency of program output speciation resuits, shows that the
MINTEQAS program is easier to operate, possesses a better method for input file
preparation, and provides a more informative and useful output. Thus, the latest version of
the MINTEQAS3 (Allison et al., 1993) was used for the chemical speciation part of this study.
However, the geochemical speciation models do not have the capability to simulate transport

of heavy metals.

3.3 Modelling of Heavy Metals Transport in Soil

[n recent years, a great number of studies have been performed concerning the
assessment of heavy metals transport in soil in order to prevent groundwater contamination
(Yanful er al., 1988; Mohamed er a/., 1994; Holm and Zho, 1994). The effect of multi-
component contaminants on the diffusion and adsorption properties of some domestic waste
in a natural clayey soil has been emphasized by researchers such as Gilham er al. (1984),
Warith (1987), Baron et al. (1989), Fernandez (1989) and Yong ef al. (1990).

The current prediction of contaminant transport in a clay barrier is based on migration
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modelling of each individual component based on the law of conservation of mass. This law

can be expressed in non-mathematical form as (Freeze and Cherry, 1979):

the rate of change of the net advective the net diffusive the net rate
mass concentration of = flux of the species + flux of the species + of production
chemical species 1 within i into the control t into the control of species i
a given control volume volume volume within CV

A mathematical equation of the above statement can be written for the chemical species i as:

eC, &€, 3, 3.1)

-

ct - a=? éz ¢t

where
C; = pore fluid concentration of component i (M/L? fluid)
D, = dispersion coefficient (L*/T)
V = average pore velocity (L/T)
S; = total solid-phase concentration (retained) of component i (M/L? fluid)
z =depth of clay liner (L)

t =tme (T)

The term on the left-hand side of equation 3.1 is called the transient term. It may be
interpreted as the total rate of change of mass concentrations of species i at a point in depth
at a given instance of time. If the rate of concentrations does not change with time. this term
is zero and Equation 3.1 reduces to what is commonly called a steady- state mass balance.
Since the primary function of a transport model is to predict and quantify these changes in
solute concentrations, the steady-state assumption cannot be made.

The first term on the right-hand side of Equation 3.1 is the advective term. This term
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represents a change in concentration of the system resulting from the gross movement of fluid
in the which species is transported. The mass average velocity vector of the fluid mixture, V,
is a function of time, space, temperature, and the chemical composition of the mixture. If V
1S constant with respect to time, the flow is said to be steady. For longer simulations, the
velocity cannot reasonably be assumed to be constant.

The second term on the right-hand side of equation is the diffusive or relative flux
term. This term represents the change in concentration at a point in the system resulting from
molecular diffusion and mechanical dispersion.The coefficient of hydrodynamic dispersion

(D,) is normally computed in terms of the above two components (Bear, 1987):
D,=a,V +D°

where «, is a characteristic property of the porous medium known as the dynamic dispersivity
(L), and D" is the coefficient of molecular diffusion for the solute in the porous medium. At
alow velocity, which is the case for the clay liner, diffusion is the important contributor to
the dispersion, and therefore, the coefficient of hydrodynamic dispersion equais the diffusion
coefficient (D,=D"). At a high velocity, mechanical mixing is the dominant dispersive
processes (D,=a, V).

The last term is usually called the source/sink, reactive or nonconservative term. For

the reactive contarmunants, assuming a linear adsorption isotherm, Equation 3.1 yields

eC, &C, aC 3.2)
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where
R =1+RSS_.pP K,
ncC n
R = retardation factor

n = medium porosity (L’ fluid/L* medium)
bulk density of medium (M solids/L’> medium)

©
fl

K, = the ratio of the total amount of a component in the solid to the aqueous phase

In the above equation it is assumed that neither the dispersion nor the interstitial
velocity changes in the z-direction. Most often the interstitial velocity will be so high that all
components have the same dispersion coefficient. In a clay liner with very low permeability,
velocity differences between the individual components do occur as a resuit of their individual
diffusion coefficients in the aqueous phase.

It sometimes happens that it is necessary to account for a component that does not
move with fluid flow, e.g. precipitates and adsorbs. This means that the diffusion coefficient
cannot be considered as a constant which most of the contaminant transport models are
based upon except the transport model developed by Yong and Samani (1988).

Using the above K, approach, for prediction purposes, it is assumed that: (1) the
dispersion coefficient is constant; (2) local chemical equilibrium is satisfted; (3) trace amounts
of components prevail, (4) adsorption isotherm is linear, and (5) K, is spatially and
temporally constant and is measured by the batch equilibriumn test at a standard pH.

The limitations of using K, as a constant parameter are discussed by Reardon (1981)
and Cherry er al. (1984). On the other hand, several studies (e.g. Rowe er al, 1988;
Shackelford et al., 1989; and Airey and Carter, 1995) indicated that the batch test
overestimates the adsorption in the ground.

A typical multi-contaminant and its interaction with soil particles before and after

chemical equilibrium is shown in Fig. 3.1, where Zn**, Pb*", CI" and H™ represent zinc, lead,



Model Development 331

chioride and hydrogen ions, respectively. ZnCl and PbCrl are metal ions complexed with
chlonde tons. As shown in the same figure, Zn and Pb ions are partly retained (adsorbed and
precipitated) on soil and partly dissolved in the aqueous phase. The aqueous phase could be

partly free ions or a complexed form with CI" ions, depending on the surface characteristics

of the soil, chloride concentration and pH.
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Fig. 3.1 A Multi-contaminant Soil System before
and after Achieving Chemical Equilibrium.

Using the multi-component contaminant illustrated in Fig 3.1, the distribution coefficients K
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(the ratio of the total amount of a component in the solid phase to the total amount of

component in the aqueous phase for Zn*" and Pb*") yields

[Z"]aa'sorbed
Razm= Zn*"1+[ZnCl "1~[ZnClL.
(Zn*"}+[2nCl "] -[ZnCL] (3.3)

Pb
K d( P b) - [ ]adsorbed
(Pb*7)-[PbCI ) +[PbCL]

In this simple example, it is clear that for K, to remain spatially and temporally constant in a
multi- species solution, the partitioning of the component Zn*>* or Pb*" between the solid and
solution must remain constant, even though a change in chemical speciation may occur due
to varying concentration levels of Cl.

Even modelling of the fate of the particular contaminant species via evaiuation of
adsorption by using the nonlinear partitioning function does not represent the actual physico-
chemical reactions. Both D (diffusion coefficient) and S (adsorption) or R (retardation) pay
attention to a particular solute (contaminant species) at any one time. Thus in a multi-
component transport, each constituent species should be computed and analysed separately.
However, if one recognizes that the behaviour and fate of each constituent species depends
on the concentration and type of other constituents, (Gilham ez a/., 1984; and Yonger al.,
1990), then it becomes clear that extrapolation of any of the coefficients or relationships for
general field application must pay particular attention to how well the field contaminant
leachate is mimicked in composition variation (constituent concentration and distribution)
with time and space (Yong er a/., 1992). Baron er a/. (1989) in an experiment involving the
diffusion controlled column leaching test showed that migration of cations in a multiple
contaminant is different from that of the single system. Thus, the K, or a similar approach to
transport modelling does not account for changes in contaminant concentration due to
geochemical processes such as complexation or pH changes. In addition, in the K approach
some of the basic soil parameters which affect the adsorption of pollutants, i.e., specific
surface area and Cation Exchange Capacity (CEC), are not considered. Also, the outcome

of any contaminant introduced into the clay liner in a landfill system is largely dependent on
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the capacity of the solid matrix material to adsorb substances. This is because the surface
areas exposed to ion reactions differ in physico-chemical behaviour, as represented by cation
and anion exchange properties. Changes in soluble solute concentrations, organic matter and
pH levels in soil solution, all have significant effects on the extent of the adsorption process.

However, for contaminants that are hazardous at a very low concentration level,
prediction of the arrival time of the contaminant front zone is more important than the
prediction of the arrival time of the mean location of the contaminant zone. For the toxic
components, one species containing that component may be more toxic than another. Existing
chemical transport models (Volacchi ef al., 1981; Jenning et al., 1982; Cederberg, 1985;
Jauzein er al., 1989; Engesgarrd, 1991; Walter er al., 1994) cannot be applied to the clay
liner since they do not consider soil composition, pH, effective diffusion coefficient, and
osmotic pressure effects on heavy metals transport in 2 multi-component system.

The proposed geochemical transport model will provide the partitioning profiles of
specific ions (i.e., adsorbed or precipitated on soils and remaining in the solution). This type
of modei provides a useful tool for geo-environmental engineers for :

(1) assessing the importance of geochemical speciations on the transport of heavy
metals in groundwater, considering contaminants interaction, and soil
composition under different environmental conditions, 1.e. pH, temperature
and CO, pressure

(ir) predicting the forms by which the metals are partitioned in the clay bartier;
and

(ut)  indicating the potential availability of the heavy metals, particularly, if one
recognizes that the local equilibrium pH environment is neither stagnant nor

uniform throughout the subsurface beneath the waste landfill.
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3.4 Development of COSTCHESP Formulation

The development of geochemical transport modeis is a fairly new pursuit aithough
some date back to the late 1960's. The majority of the effort, however, took place in the
1980's following the trend of adding more complex chemistry to single- and muiti-dimensional
groundwater and solute transport models. Very few models, though, include all types of
possible geochemical reactions. Transport is described by a set of partiai differential equations
and the geo-chemical reactions are described by set of nonlinear algebraic equations. A
couplied model may be used to simulate the effect of specific chemistries on reactive solutes
during transport through porous media.

Reconciling chemical equilibria with the prediction of inherently non-steady
contaminant transport has been approached in various ways. An excellent review of the
different approaches to coupling has been published by Mangold and Tsang (1991). The
coupled solute transport and chemical equilibrium model is divided into three broad
categories: i) the mixed differential and algebraic equation approach (DAE), ii) the direct
substitution approach (DSA), and iii) the sequential iteration approach (SIA).

Briefly, the DAE approach combines the transport equations and equilibrium reactions
into a single set of partial differentiai and algebraic equations which are solved simultaneously.
In the DSA approach, the chemical equations are aiso substituted directly into solute transport
terms and the resulting partial differential equations solved simultaneously. In the SIA, which
is used in this study, the transport and chemistry are decoupled and the governing equations
are solved iteratively in a sequential manner. The DAE and DSA approaches would resulit
in an excessive number of dependent variables and hence would require too much central
process unit (CPU) storage and CPU time for realistic applications. They might provide a
goad research tool for one dimensional (1-D) simulation with a limited number of chemical
species. In addition, solving the multi-dimensional non-linear partial differential equations
(PDEs) and non-linear algebraic equations (AEs) simultaneously is more complex.

In the present work, the sequential iteration approach has been adopted, and the rest
of the discussion and model development will focus on this approach. The system is based on
two coupled sequential sets of nonlinear PDEs and nonlinear AEs. The sequential interaction
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approach has been used to separate chemistry from transport, this simplifies the coupling
between the physical and chemical processes and leads to a simple and efficient two-step
sequential solution algorithm. The advantages of this type of coupled model include access
to the comprehensive geochemical database and the ability to simulate hydrogeological
systems with realistic soil properties and boundary conditions under complex geochemical
conditions and also makes all transport equations independently solvable. The later approach
is used in this research.

In order to assess the reliability of the model, some laboratory experiments were
carried out and the simulated model will be compared with experimental results. Since
different parameters have different effects on the solution, the sensitivity of the parameters
in the simulated model will be evaluated. Theoretical, laboratory and mathematical modeling
thus can make important contributions to the development of an improved predictive
capability. In the following sections the formulation of Chemical Equilibrium Speciation
(CHESP), COupled Solute Transport (COST) and the proposed iteration approach are

presented.

3.4.1 CHESP Formulation

In order to describe the chemical reactions mathematically, a subset of the species
must be chosen as components. All other ions, complexes, sorbed species, and minerals can
be formed from the these components. [n this work, the free ions have been chosen as
components. [t is assumed that all chemical interactions between soluble components in the
aqueous phase and soil constituents in the solid phase are controlled by local equilibrium and
that local equilibrium exists at every point of the system considered. In local equilibrium-
controlled transport systems, the reaction rates are much faster than the rates of physical
transport. This assumption may be the most restrictive relative to conditions that may pertain
to the real system. Hence, the assumption will be investigated more throughly in section 3.5.1.
A reversible process is one in which the direction of the reaction can always be changed with
a variation in the system variables. The equilibrium interaction chemistry must contain all of

the phase-exchange and/or mass-equations necessary to describe the chemical processes
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affecting the transport, i.e. sorption, compiexation, dissociation, and ion exchange. In the
chemical model, we have the species (c,, C,, C;,...Cpags S15 52, S31--Snss P1» P2, P3.---Pap)» Where ¢;'s
are concentrations in aqueous phase; s,'s adsorbed on the solid phase, and p;'s precipitated on
the solid phase. The formation of species c; in the aqueous phase or species s; and p ; in the
solid phase can be described by the mass action law as follows (Sposito and Mattigold,

1988):

N a ¢
- ¢ v .
C,”Kc,l | 4 Yj i=1,2,...n,
pé, WV, arl' X
) | T ) G4
N a?
D Gk =172
K‘P.zl I ¢ i l,_,..np

where
; = equilibrium formation constant for species c;

, = equilibrium formation constant for species s;

K,
K,
[I = product operator over all components
K= solubility product for species p;

X

;. = activity of component j

X = vG

Y; = activity coefficients of j-th component

C; = concentration of component j

a;" = stoichiometric coefficient of component j in species c;
a;' = stoichiometric coefficient of component j in species s;

a;” = stoichiometric coefficient of component j in species p;
n, = number of species in the aqueous phase

n, = number of species adsorbed in the solid phase

n, = number of species precipitated in the solid phase

Nc = total number of components
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An expansion of the equation 3.4 for the case of lead and chloride in the expenmental

program, mentioned in section 2.0, yields the following:

¢, =Yc,[Cl ] =Kc,
=Y [Pb*)=K (v [P6*])!

&,=v, [PCI =K, (v, [Pb* (v, [CI ]!
¢,=v. [PECLI=K, (1, [P6> D'(¥,[CI ]
es=Y, [H 1= [H D’
5,=(PBSO “J=K, (¥, [Pb>"D' (v, [H ") [SOH]

[n this formulation sorptive sites are treated as one of many components, (X;). The mass
balance equation requires that the sum of mass for each species in both aqueous and solid
phase must be equal to the total amount of mass in the system. Hence, the total concentration

of each component T;=C;+S;+P,

’,J
a
= - 7
C N aje, k=12.n,
=1

& s _ (3.5)
S/-gl: a,s, m=12,.n_
P]=§ afp, I=12.n,

o i (3.6)

TV aiCrYa,s Y afP,  je12.N,

=1 =1

where
T, = total concentration of component j(M/L’ fluid)

C; = concentration of component j in the aqueous phase (M/L’ fluid)
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('ZJ = total concentration of component j on the solid phase (M/M solids)

S; = total concentration of component j adsorbed on the solid phase (M/L? fluid)
S; = pC/n)

P, = total concentration of component j precipitated on the solid phase (M/L?)

An expansion of the Equation 3.6 for the case of lead and chlonide can be written as

3
T,=([C!"1,=Y a,c,=(CI 1) ~(PhCl ") ~2(PbCL,)
r=1

T,=[Pb*1,=Y" ac,+ Y a,5,=(Pb ") ~(PbCI ") ~(PbCL) +(PbOH ") ~(SOPb )
1=1 izl

/R

3.4.2 COST Formulation

The derivation of the basic reactive transport equations has been presented before.
The presentation here will therefore, only be focused toward a discussion of the limitation
behind the application of the existing contaminant transport model in clay soil. The general
transport equation for computing the concentration of a single dissoived chemical species in

the porous media can be expressed as (Bear, 1987)

dc, Cs
—+—=V D Ve -V.ie i=1,2,..n
ot ¢t

3.7)

a

where

5 = (p&/n)

¢; = concentration of species i in the solid phase (M/M solids)

D = hydrodynamic dispersion tensor (L*/T)

V = velocity vector (L/T)
Considering the coupled processes (Mohammed, 1995, Mohamed et al., 1995, Yong et al.,
1992) Eq. 3.7 could be expressed in a one dimensional form for the migration of each
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individual component as follows:

a3 (3.8)

2

ce, s, 2

D Coy-ry e R
&t &t oz far e Toa

ce,

where
R, = (ky/k,) +1= 1on restriction effect
R, = (k. ky.)/2k, = osmotic effect
k., = ion restriction coefficient
k.. = osmotic coefficient
k, = permeability coefficient

D, =ae™

where k, k. , @ and b are material parameters to be determined based on the experimental
results and an optimization technique.

In a multi-species solution where the sorbed-phase concentration of species i, s, is a
function of the aqueous species concentration, a nonlinear system of solute transport
equations can be obtained. By making use of the definitions in Equations (3.5) and (3.6) for

C, S;, P;and T,, the set of n, equations described by Eq. (3.8) can be reduced to a set of N,

mass transport equations as:

~T 3 22
L:i(o_i) - R,Vvic— -R, a8 (3.9)
ot 3 ~¢c= ford eoz?

The COupled Solute Transport (COST) model represented by Eq. (3.9) and the
CHemical Equilibium Speciation (CHESP) by Eq. (3.4) constitute the basis for
COSTCHESP development. The key point in the above formulation is that instead of
formulating the transport equations around the mass balance for each species in the aqueous
phase, ¢, they have been formulated around the mass balance for the total concentration of
each component, T;. The time derivative of the total component concentration is a function

only of the transport by advection and dispersion of the total aquccus component
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concentration, C;. When §;=0, Eq. (3.6) reduces to a nonreactive transport equation, where
T, = C,. This formulation allows the interaction chemistry to be posed independently of the
mass-transport equations and the subsequent coupling of the two sets in a precise manner.
The formulation procedures for the case of chloride and lead transport into the column
clay are briefly discussed. As described in Section 3.1.1 the total concentration of chlonde.
Tj, is equal to the sum of the concentrations of chloride in three species. Adding the mass-

transport equations for these three species yields the following equation:

21 -S(PoCt )+ S (PoCL)
ct ct N (3.10)
=L(C1")+L(PbCI )+L(PbCL,)
where
2 a2
L=bD(Ly+D. S -RyE-R S G.11)
cs és- cz ot
Adding the left hand side of the Equation 3.10 gives
5 C=L(CL) (3.12)

where Cl; is the total CI” concentration (mole/litre). Since CI is a conservative component,
the total CI' concentration equals the total aqueous concentration of Cl. The total
concentration of lead, the non conservative component, is equal to the sum of the

concentrations of Pb*" in aqueous, adsorbed and precipitated species as follows:
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%([Pb 21 [PBCI "+ [PbCI] ~[PHOH ])+
%(%([Pb(omzmsopb ) (3.13)
=L([Pb "] +[P6CI "] +{P6CL,] -[P6OH)

As shown the transport of lead can be formulated in a similar manner even though it is a non

conservative component. Equation 3.13 can be written as

2
E(Pbr)=L(Pbaq) (3.14)
where Pb;= Pb +p/n (Pb,+Pb,) represents the total concentration of lead in the system.

3.5 Solution Technique

The final set of COST and CHESP equations constitute a coupled system of
transport and chemical equilibrium reactions and is a system of differential equations.
Analytical solution to the system in general is beyond the capability of present-day applied

mathematics. Numerical methods are the only tool that can be used to achieve a solution.

3.5.1 Solution of CHESP

To et Cy, Cy, ... Cogs Spy Say-vo- Sy AN Py, Pa,... Pop from the set of chemical equilibrium
equations (Eq. 3.4) and also, C,, G, ..Cy, §,.5,,....8, P, B,..... B, from Eq. (3.5),a
computer code, CHESP (which is a modified geochemical model of USEPA; Allison et al.,
1993, MINTEQAS ) is used. I[n this program Egq. (3.4) and (3.5) are implemented to
calculate the mass distribution of each component (adsorbed and precipitated on solid and
available in solution).

CHESP uses the simultaneous solution of the non linear mass action expressions and
linear mass balance relationships to formulate and solve the multiple- component chemical
equilibrium problems. It uses mass-law equations and formation constants for the set of

species and material balance equations for each component to define the chemical equilibrium
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problem. In the CHESP model, from an initial guess of the activity of each component
(noncomplexed), the provisional concentrations of each species are computed through the
mass action expressions written in terms of component activities (Eq. 3.4). The total mass of
each component is then calculated from the concentrations of every species containing that
component (Eq. 3.5). The calculated total mass for each component is then compared with
the known input total mass for each component. If the calculated total mass component
differs from the input total mass for any component by more than a pre-set tolerance level
with the total mass, a new estimate of the component activity is made and the entire
procedure is repeated. After equilibrating the aqueous phase, CHESP computes the saturation
index (SI) for each possible solid with respect to the solution. The solid with the most positive
S1is allowed to precipitate. The reverse process occurs if an existing solid is found to be
under-saturated with respect to the solution.

The information required from CHESP after execution is the total aqueous
concentration of all components (C,, C,, .., C,,)), where N_ is the number of components. The
solution procedures, through iteration, are shown schematically in Figure 3.2. Details of the
main subroutines and source code of CHESP can be found in Appendix A and Appendix F,
respectively.

The aqueous concentration has units of mol/L water (molarity). A component which
is sorbed on the soil is given the concentration S;. N, sorbed components can be present. N,
minerals can exist with concentrations P,. The solid concentrations have units of mol/kg soil.
If the dry soil bulk density is p ( kg soil/m’ soil) and the porosity is n (m* water/m® soil), then
the units of (p/n) x P, and (p/n) x S; are equal to the aqueous phase units. The geochemical
code that has been used to solve the geochemical equation uses internal concentration units
of mol’kg water (molality).

The total aqueous component concentration is the concentration that can be obtained
by standard laboratory analysis techniques and, as such, is not only relevant for developing
a geochemical transport model, but also relevant, when comparing the results of the model

simulations with observations. The total component concentration is defined as
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Tpp2- = Copze /N (Spy5,+PbCO;)

3.63

which is the sum of the concentrations of the Pb*~ component in the aqueous and solid phase.
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Figure 3.2 CHESP Flow Chart.
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3.5.2 Solution of COST

Since a proper analytical solution for COST represented by non-linear partial
differential equations does not exist, a numerical technique, in particular, a finite- difference
method (FDM), has been used in this study. The finite element method (FEM) has advantages
such as the ability to discretize complex boundaries, ease to deal with flux-type boundary
conditions, and flexibility to include cross-derivative terms (Rubin, 1983). Disadvantages of
the finite element method (FEM) include the requirements of central processes unit (CPU)
time to obtain element matrices and the inflexibility of using iteration methods to soive the
resulting matrix equation. On the other hand, the FDM offers great computing time because
of the simple interpolation for the dertvatives and provides the flexibility of solving the
resulting matrix equatton with various iteration methods. FDM can deal even more than the
FEM with discretizing the complex boundaries if the physical representation of the method
is clearly understood (Haffman and Chiang, 1993). In light of these discussions, FDM was
the preferred numerical method in this study. Hence, assuming an exponential function of

concentration for the diffusion coefficient (Yong et af., 1992), Eq. (3.9) yields:

T oC .» &C cC *C
—=bD (=) +D ——-RJV—=-R =
ot '( ror ) - a:Z ! éz ° a:Z (3.15)

The explicit finite difference forward in time and central in space (FTCS) of Eq. (3.15) is

given by:
n- n C:' - :'
=T, *At[-R,(V:)—’?‘:;‘
R (C,1)-2(C,"Y*+(C ) (3.16)
’ (Azy?
+bD (C.'I’I_C:/'l )2+D q’l—zcj +C}—[
Toas T ey
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Using Eq. (3.16) concentrations at advanced time step (n+1) can be determined in terms of
known concentrations at previous time steps, starting from initial conditions. A conceptual
approach of the transport part of the proposed model is shown in Figure 3.3. Details of the

assumption and formulation of the COST can be found in Appendix B.
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3.5.3 Linking COST and CHESP
The sequential iteration approach, proposed to link the COST and CHESP is shown

schematically in Figure 3. 4. It can be described as follows:

1.

2.

-~
2.

Construct gnids.

Use CHESP to intiate the system into equilibrium.

Use COST model to calculate the total concentration of all components at
new time step.

Use CHESP to compute dissolved, adsorbed and precipitated concentrations
of reactive components using the total concentration of nonreactive
components at step 3 and old value of total concentration.

Use COST to compute a provisional solution for the total concentration for
the reactive components using the results from step 4.

Given this provisional solution from the transport equation for reactive
components, use CHESP to compute a new estimate of the aqueous
concentration for reactive components.

Use COST to compute a new provisional solution using, results from step 6.
Repeat steps 6 and 7 untl the prescribed convergence tolerance is met, for
total concentration for each component.

Compute new value of total concentration for each component at advanced

time.
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o cost CHESP
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Figure 3.4 Linking between COST and CHESP
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3.5.4 Boundary Conditions

The contaminant transport model in a clay liner beneath a landfill was assumed as a
one-dimensional problem because the depth of the liner is essentially very small compared to
the area of the landfill. The concentration of each contaminant in the landfill, C;, was
considered as the total aqueous concentration in CHESP and upper boundary condition in
COST. The concentration of each contaminant in a soil layer was specified as the background
concentration, C,;. At the lower boundary condition there is no change in the concentration

of the contaminant species at the drainage layer or ¢C/ ¢Z=0.

3.5.5 Accuracy of the Model

The error of the numerical solution in the finite difference method, in which the
forward in time and central in space (FTCS) scheme is used, is of the order [(At), (Az)*].
Clearly, increasing the step size increases the error. It should be noted that selecting a very
small step size should be avoided, since in addition to the enormous amount of computer time
required for a solution, the accuracy of the solution will be dominated by round-off errors.
On the other hand the stability requirements impose limitations in FTCS method. FTCS is
stable for DAt/(Az)* < 0.5 (Haffmann and Chiang, 1993)

The numericai dispersion error is greater when the advective velocities are high. The
advective velocity in clay is very low, besides, during diffusion/dispersion-advection with
retention, the apparent advective velocity and apparent diffusion/dispersion coefficients are
both reduced by the retardation factor. This effect makes the numerical scheme less

susceptible to numerical dispersion.

3.6 Adsorption Models

In the proposed coupled solute transport models seven adsorption models can be
used for adsorption of the heavy metals into the clay barrier. These include both empirical
equilibrium models such as distribution coefficient (linear isotherm) K, , Langmuir isotherm
and Freundlich isotherms, and complexation modeis such as the Diffuse Double Layer Model



Model Development 3.69

(DDLM), introduced by Huang and Stumm (1973), Constant Capacitance Model (CCM)
originally developed by Schindler and Kamber (1968) and reviewed by Sposito (1984) and
Schindler and Stumm (1987), and Triple Layer Model (TLM) proposed by Westail (1986).

Recent studies have shown that the ability of the surface complexation models, which
have been used in this study, to fit the adsorption are relatively insensitive to the value of the
site density used (Kent et al., 1986; Hayes et al., 1990). Clearly, the absolute value of the
binding constamts, that describe the adsorption reactions, are dependent on the choice of the
site density. However, Hayes et al. (1990) showed that the ability to fit experimental data
over a wide range of conditions is independent on the choice of the site density over two
orders of magnitude. This is true as long as the molar ratio of adsorbate to the surface site
is small, i.e., there is an excess of surface sites over adsorbate in the system. When the
adsorbing solute is present in excess, the ability to fit adsorption data becomes more sensitive
to the value of surface site density used (Davis and Kent, 1990). Thus, the site density in this
study was assumed to vary with time and space because the surface complexation theory
treats surface functional groups in the same fashion as dissolved components in an equilibrium
speciation framework. The adsorption capacity of the clay liner in the column test will
decrease as more permeant passes through the column. Details of the assumption and

formulation of each adsorption model can be found in Appendix C.

3.7 Model Parameters

Two types of parameters are required to use the proposed COSTCHESP: (1)
parameters for COST and (2) parameters for CHESP. At the present time, the major difficuity
in applying coupled solute transport and chemical reactions in the clay barrier is the lack of
data on the transport parameters involved in the governing equation (3.10) considering
adsorption of the contaminant into the clay barrier. The transport coefficients or diffusion
parameters are often considered to be constant, independent of the pore fluid velocity,
concentration of the contaminant, adsorption characteristics of the clay liner, transport time
and depth of the clay liner. These parameters are either measured for uncoupled sets of the

experiments or estimated empirically from physics and chemistry handbooks. In the case of
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transport of heavy metals into the clay liner the computation of diffusion parameters is very
important because the heavy metals must be retained mostly in the clay liner.

The calculated diffusivity parameter will not be representative of the coupled solute
transport and chemical reaction because the diffusion parameters are independent of
adsorption, time, and space. To overcome the difficuity, procedures can be developed to
provide some capability of accommodating the results of coupled solute transport and
chemical reactions. Mohamed er al., (1994) used the square root-time procedure for the
calculation of the diffusion parameter which is based on the analytical solution of the
simplified version of the differential equation for the contaminant transport. The diffusion
parameter calculated from this technique is also used for the steady state condition. In this
study a new method is proposed which is based on method of optimization between the
experimentai data and numencal prediction and discussed in the following sections.

3.7.1 Parameters for COST

The parameters required for COST can be classified into two groups: (1) parameters
related to initial and boundary conditions, i.e., soil dry density, soil porosity, hydraulic
conductivity, and (2) parameters related to physio-chemical processes, i.e., diffusion, osmotic
and ion restriction effects. The first group can be determined directly from experiments.
However, the second group requires experimental data and application of a numerical
technique to optimize the difference between the numerical prediction and experimental
results. As indicated in Equation 3.10, if the concentration profiles of the contaminant at time
J are known, then, the concentration profiles at time j+1 can be found numerically. Thus,
having an experimentally measured concentration profile at a certain time and assuming an
exponential function for the diffusion parameter, one can predict the concentration profile at
the next time. Based on a matching process of predicted and experimental values, the

optimum material parameters (i.e., a, b, k. and k) are those which minimize the following:

N
F=Y |Crpp ~Crpt| (3.17)

=1
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Where N is the number of the points at which the concentration of each contaminant
is measured; Cg,, is the experimentally obtained concentration; and (.. is the calculated
concentration from the model.

The best way to obtain a minimum value of F is to use a searching technique. One of
the most efficient searching techniques is Powell's conjugate directions method of non-linear
optimization (Powell, 1964; Deviin, 1994). For the problem under consideration, the
derivative of F, with respect to a specific unknown parameter, cannot be determined simply.
This makes Powell's method more useful because it does not require derivatives of the

objective function.

3.7.2 Parameters for CHESP

The parameters required for CHESP may be divided into two groups: (1) The
aqueous parameters. i.e., initial aqueous concentration of each component and pH. The pH
can be fixed or be specified as the initial concentration of hydrogen ions and determined
equilibrium concentration pH. (2) The solid phase parameters including adsorption
parameters, specific surface area, CEC, and total density of the solid in the aqueous phase.
The former parameters (aqueous parameters) can be measured easily while the latter
parameters (the solid phase) will be obtained experimentally. The equilibrium k for heavy
metals adsorption in soil was initially obtained from the batch test and calibrated by
experimental data from the column leaching test. The surface adsorption site density was

rutially assigned as CEC for the first trial and then calibrated from the column experiment.

3.8 Assumptions and Limitation
The proposed model is based on the following assumptions:
® the porous medium is assumed to be continuous;
® the soil is homogenous and isotropic and the effect of preferential paths is neglected;
® the transport is considered under the isothermal conditions;

e water flow is one-dimensional;
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o the effect of the solute on water properties /viscosity, specific mass is neglected;
® porosity, hydraulic conductivity and other characteristics are constant in time;
® adsorption/desorption is assumed to be a fully reversible process:
® saturated clay soil being permeated by contaminants;
® the diffusion/ dispersion coefficient is a function of the concentrations of ionic species:
® validity of Darcy's law;
® biological uptake of mineral is negligible;.
® the chemical reactions are reversible and are governed by the thermodynamic
equilibnum.

The model will, most likely, because of the equilibrium assumption, also be restricted
to the cases of soil inorganic constituents effects on heavy metals retention. This is because
transformation or degradation of organic constituents typically is driven by microbiological

processes, which cannot be described by equiiibrium theory.

3.8.1 Equilibrium Assumption in Geochemical Reactions

The assumption that the geochemical processes follow the thermodynamic equilibrium
theory will. at first hand, seem to restrict the application of the model to a few special cases
of contaminant transport into a clay barrier. In the real world the geochemical reactions will
approach equilibrium over a given time scale where the length of that time scale will decide
the applicability of the equilibrium geochemical transport model. An equilibrium-based model
has many advantages over a kinetics-based model. In fact, the state of equilibrium is the
limiting case for all systems. If all geochemical reactions are controlled by kinetics, then a
transport equation must be written for all species. The mathematical system of equations then
consists of many partial differential equations for transport coupled to many ordinary
differential equations for chemistry, which would be very difficult to solve. In addition, this
approach requires knowledge of the reaction rate laws and reactions constants which are
seldom known. The advantages of the equilibrium approach: (i) includes more readily
available equilibrium constants than the rate parameters. (ii) it is possible to modulanze the

solution of the system equations into a solution of separate sets of equations for the transport
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and geochemical systems, as well as reducing the number of transport equations, (ii1) with the
modularized system it is possible to use existing medels for the transport and geochemical
components; and (iv) with the high reaction rate the equilibrium approach is much more
computationally efficient than a kinetic approach.

The equilibrium approach may not be applied where the reaction rates are very slow

compared to the rate of groundwater flow.

3.8.2 Validity of Equilibrium Approach

According to Engesgaard (1991), the equilibrium assumption in geochemical reactions
of contaminants moving through the geologic media is a function of T/ V x L and dispersion
where T, is the reaction rate and V is flow velocity. He indicated that the validity of the
equilibrium assumption thus involves two time scales: a time scale for transport processes and
a time scale for geochemical processes.

The time scale for transport could be considered as being the result of two individual
time scales, one for advective transport (T, = L/v) and one for dispersive transport (T,
=L*/D), where v and D are the characteristic velocity and dispersion coefficients in the
system, respectively, and L is the length from the source to an observation point. In order for
the equilibrium assumption to be valid the reaction time scale T, must be smaller than T, and
Tp. A low ratio of reaction rate to velocity over a short length step is typical of a kinetic
governed transport system.

Flow velocity in a clay barmer is low because of low permeability, thus the residence
time for the chemical flow to react with the clay is potentially quite large, compared to sandy
porous media or fractured clay. In other words, an aqueous solution, when applied to
compacted clay soil, has a sufficiently long residence time at a given point in the system for
the geochemical reaction to proceed to equilibrium, before the solution is transported away.
On the other hand, adsorption of heavy metals into a clay barrier is mostly governed by ion
exchange and complexation which is often a fast reaction. The experimental studies
performed by Bailey and Lynch (1996) show that the sorption rates of all metal ions on

humic acid were very rapid, most adsorption occurred within 2 minutes, but sorption did not
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reach equilibrium in 1 day under competitive conditions. A preliminary test, shown in Figure
3.5., performed by Coles (1997) for the effect of time on the adsorption of two types of
heavy metals (lead and cadmium) into kaolinite clay. This figure shows that almost all
adsorption took place within hours.

The other parameter which may affect the equilibrium is the mechanical dispersion.
The mechanical dispersion of solutes depends on the hydraulic conductivity of the clay and
flow velocity. The more dispersion in the transport of solutes, the faster the system can
approach equilibrium because the total mass of solute is spread over a larger area causing
local changes in concentration.

Using the equilibrium approach is more promising in field applications where total
dispersion is large, in contrast to laboratory columns with low dispersion. Also geochemical
reactions will approach equilibrium over a given time scale where the length of that time scale

will decide the applicability of the equilibrium geochemical transport model.

Adsorption of Heavy Metals Versas Time in Kaolinite
200
Pb

150 [~

Adsorbed (ppm)
T

10 15 20 2s 3o
Hours

Figure 3.5 The Effect of Time on Adsorption of Heavy
Metals on Kaolinite Clay (After Coles, 1997).
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3.9 Summary

In this chapter, the state-of-the-art in respect to geochemical and transport models and
their limitation for the application of muiti-component transport of heavy metals in clay soils
has been reviewed and then a (COSTCHESP) model was proposed. The model consists of
two main modules, a finite difference transport module (COST), and an equilibrium
geochemistry module (CHESP). By making use of the local equilibrium assumption, the
inherent chemical nonlinearity is confined 1o the chemical domain. This linearizes the coupiing
between the physical and chemical processes and leads to a simple and efficient two-step
sequential solution algorithm. The model is capable of simulating both the solute transport
and the geo-chemical reaction of heavy metals with other contaminants and soil compositions
in a clay barrier system. It provides the distribution of heavy metals concentrations (adsorbed,
precipitated, and dissolved ) along the depth of a clay liner to assist in evaluation of the roie
of the various clay soil solids (clay minerals, amorphous materials, and carbonate) in heavy
metals retention. The limitations of the equilibrium assumption and the advantages of
equilibrium over the kinetic approach were discussed. It was concluded that the equilibrium
assumption for the geochemical reaction provides a good approximation because of the close

agreement for equilibrium constant in chemical reactions.
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Chapter 4

Batch Equilibrium Test Results

4.1 General

The results of the effects of bulk solution composition on heavy metals distribution
in different clay soils for batch tests, using different concentrations of chloride or EDTA as
the complexing agent are presented in this chapter. Discussion of the results is inciuded in
order to explain of the effect of the multi-component to the partitioning of heavy metals in
different clay soils. The contents of the chapter are divided into 4 sections corresponding to
the experimental sections, given in Chapter 2. The first section contains the results of the
tests of the properties of the soil, the second section gives the results of the partitioning
coefficient, using a composite heavy metals solution (Iead and zinc) at a concentration of
Ilmmol/L with increasing acid concentration followed by sequential extraction techniques
applied to different kaolinite mixtures. In the third section the same experiment was repeated
with the application of 1 cmol/L of each heavy metal. In the fourth section the effect of
chloride concentraton, as a inorganic complexing agent, and EDTA, as an organic one, on
adsorption and desorption of the composite heavy metals is provided. For each case the
parutioning coefficient, K, is computed and will then be compared with the one in the column

leaching test.
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4.2 Soil Properties
The pertinent physical and chemical properties of pure kaolinite and its mixture with

different percentages of carbonate and amorphous are shown in Tabie 4.1.

Table 4.1: Prepared Soil Characteristics

properties kaolinite silica gel (S) 10% stlica 10% carbonate+ | 3% carbenate+
(K) gel+kaolinite kaolinite (KC) | 3% silica gel +
(KS) kaolinite (KCS)
pH 4.5=0.5 6.3x0.2 515204 7.07+03 701=0.4
CEC 8+0.4 8243 67=3 172 55%3
(meg/100 g)
surface 12+0.2 276=10 1 18%7 664 977
area (m°/g)

4.2.1 Discussion on Soil Properties

As shown in Table 4.1, the natural pH, specific surface area (SSA) and cation
exchange capacity (CEC ) of the kaolinite used is low. The CEC of kaolinite, a vanable
charge type of clay, arises from isomorphous substitution within the crystal larice, and from
hydroxylated edges at broken bonds (Yong et al, 1992). Due to the latter, it is pH dependent.
In the acidic range H™ and Al*" become very important for the calculation of the total CEC
(Grim, 1968). Also, at low pH, the Al is dissolved from the crystal structure and has the
ability to replace index cations on the exchange sites (Boland et al, 1980; Duquette and
Hendershot, 1987).

As expected, the measured CEC and SSA of the soil treated with a silica gel is much
higher than the untreated soil. The increase in CEC is likely due to high CEC and SSA
associated with amorphous silica. On the other hand, soil treated with calcium carbonate
shows an increase in the pH of the soil solution, much more than silica gel, butits CEC and
SSA is lower than amorphous treated soil. Since the CEC of pure carbonate is minor to

insignificant (Yong and MacDonad, 1997) the effect of the addition of the calcium carbonate
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on the CEC of the kaolinite is marginal. The calcium carbonate has higher SSA (40 m%g) than
the kaolinite mixture, due to the bonding effect provided by the carbonate and the greater
opportunity for particle dispersion. A comprehensive study of the effect of amorphous silica
on liquid limit and plastic limit can be found in research reported by Yong and Sethi (1980)
and Habibagahi (1986), and the effect of amorphous silica and iron hydroxides on specific
surface area and cation exchange capacity in clay soil material was extensively studied by

Wang (1990).

4.3 Distribution CoefTicient (K,)

The distribution coefficient (K,) is a valid representation of the partitioning between
liquid and solids only if the reactions that cause the partitioning are fast and reversible and
only if the isotherm is linear (Freeze and Cherry, 1979). The distribution coefficient for heavy

metals onto soil can be expressed as

K = mass of heavy metals retained on the soil per unit mass of soil
=

supernatant concentration of heavy metals in solution measured by AAS

The term in the numerator represents the mass of the solute species which is retained
on the soil per unit bulk dry mass of the soil (S) in a isotherm adsorption expeniment. This
could be obtained through batch equilibnum tests by subtracting the supernatant
concentration of the heavy metals or other cations, measured by Atomic Adsorption
Spectrophotometer (AAS) from the total concentration applied on the soil. This
concentration (mg/L) should be converted to (g /g soil). The term on the denominator
represents the supernatant ~oncentration or equilibrium concentrations in the aqueous phase,
C (g/L). Thus, the dimension for this expression reduces to L’/M. Measured K, values are
normally reported as millilitres per gram (mL/g). In the following sections the retention of
each heavy metal for each soil, using different environmental conditions such as pH, dissolved

organic and inorganic concentration are presented and the K,'s are computed for each case.
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4.3.1 pH Effect on Distribution of Heavy Metals in Clay Soil

To evaluate the effect of pH on the distribution of heavy metals in different clay soils,
a set of solutions, each solution having the same concentration of Pb and Zn at 1.0 x 10~
mol/L and 5.0 x 10” mol/L but with increasing acid concentration, was applied to the soils
(K,KS, KC and KSC as defined in Table 4.1) at a 1:10 soil-solution ratio, using 2 g of soil
and 20 ml of solution. The amount of each heavy metal applied is equivalent to 10.0 mmol/kg
and 50.0 mmol/kg soil. The initial pH of the lead solution was 4.15 at a concentration of
Immol/L and 5.12 at a concentration of 10 mmol/L and the zinc’s were 4.70 and 5.23
respectively.

The soil suspension samples were equilibrated by shaking in an end-over-end shaker
at 25" C for 24 h after the solutions were applied to soils. The samples were then centrifuged
at 3,000 rpm for 10 minutes. The pH of the soil solutions was measured. The amount of
heavy metals remaining in the supernatant (dissolved concentrations) was measured by a
double beam atomic absorption spectrophotometer. The amount of heavy metals retained
(adsorbed-+precipitated)in the soils was calculated as the difference in the heavy metal applied
and dissolved. The results of retained heavy metals, lead and zinc, versus equilibrium pH for
the different clay sotls (K,KS, KC, KSC) are shown in Figures 4.1a, 4.1b, 4.1c and 4.1d for
lcmol/kg soil. The computed distribution coefficient, K, , versus pH is shown in Figures
4.2a,4.2b, 4.2c and 4.2d. The results of retained heavy metals and the computed distribution
coefficient for the case of Scmol/ kg of soil are also illustrated in Figures 4.3a to0 4.3d and

4.4ato 4.4d.
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4.3.2 Discussion on pH Effect on Distribution of Heavy Metals

it can be seen from the graphs in Fig. 4.1 that the amounts of Pb and Zn retained are
different. As shown, in the case of kaolinite, at natural pH around 58% Pb and 40% of Zn
were adsorbed on the soil while, in case of the kaolinite mixture (KS, KC, and KCS) aimost
all lead was adsorbed. The results show that the amounts of both heavy metals retained
increased with higher pH values. When soil solution pH is >5, most of Pb and 80% of Zn are
retained in the soil, whereas when soil solution pH is <5 the amounts of both metals retained
decreases rapidly. The amounts of Pb and Zn retained in KS soil when soil pH is <5 are
higher than in the other three soils.

The kaolinite, which has a very low CEC and SSA, and does not have any significant
amount of soil constituent, apparent from its clay mineral, results in the lowest retention of
both heavy metals compared to the three other soils. The addition of solutions with pH
values above the zero point of charge (ZPC) could result in the situation where the sotl tends
to deprotonate or surrender H™ from its edges, thereby resulting in a reduction of the soil
solution pH. Kaolinite has variable charge at the different pH levels with ZPC of 4.2 (Yong
and Ohtsubo, 1987).

In the case of a kaolinite mixture with silica gel (KS), the clay soil has a very high
CEC value, a pH of 6.2 and has a higher retention for lead at lower pH values than the three
other cases. This is because silica gel has a ZPC of 2.1 (Fein, 1994). The KC, which has the
highest carbonate content, low CEC and medium SSA, results in the highest retention of both
heavy metals provided the soil solution pH does not drop below 5.3. High amounts of Pb and
Zn were retained in the KSC at high pH due to the carbonate content which causes the
retention to be dominated by precipitation into carbonate forms or various hydroxides
species. In the case of KSC which has a soil pH, CEC and SSA, similar to natural soil, aimost
of all heavy metals were adsorbed at high pH values.

From the results of K, values shown in Figure 4.2 for each soil material, it may be
concluded that the distribution coefficients for each heavy metal is greatly affected by the
type of soil, pH of the soil solution and the concentration of heavy metals and other

contaminants in the solution. Distribution coefficients range from values near zero to 10*
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mL/g or greater. These results agree with the general values of K, reported in the literature
(Freeze and Cherry, 1979; Melisson ef al., 1995).

As shown, Zn and Pb retention is affected by pH. The amount of Pb retained in
kaolinite soil is very much less than the other three soils, not only at natural pH but also
throughout all the pH values. The heavy metals retention curve in the case of kaolinite
appeared only up to pH 4.5 and KS soil to 6.1 when amounts of heavy metals retained are
plotted with the soil solution pH. In order to extend the curves for these two cases, a base has
to be added instead of acid. This is beyond the scope of this research which focused only on
the retention of the heavy metals in the acidic environment.

It is obvious from Figs. 4.1 and Fig. 4.2 that, with the exception of Pb on the silica
gel mixture, significant removal of metals from the solution does not occur until a pH of 5 is
attained. This is the pH at which adsorption may occur due to catdon exchange capacity and
cannot be distinguished from precipitation (Yong and MacDonald, 1997). The addition of
carbonate and silica gel increase the pH of the soil solution which results in higher retention
of heavy metals. The carbonate addition provides a higher pH for the soil mixture than the
silica gel. Consequently, pH adjustments to lower values would have involved the dissolution
of carbonates and lower adsorption of heavy metals. The adsorption of both metals in the
silica gel mixture at lower pH values is more than the other cases. The high CEC value of KS
soil helps it retain higher amounts of Pb and Zn than KC and KCS soils as the soil solution
pH decreases. These results indicate that silica gel has the potential of being used as a soil
treatment material in a low pH environment. Metal removal from the solution increases
abruptly in pH ranges 3-5. This finding agrees well with the work of Yanful et a/. (1988) and
Yong et al. (1995).

As shown in Figs 4.1b, 4.1c, 4.1d, 4.3b, 4.3¢c 4.3d for the case of kaolinite soil
mixtures, the sharp upswing in the removal of Pb in the retention curves occurred at a pH
of around 5.0 (Phadungchewit, 1990). This is being attributed to the initiation of
precipitation which is not distinguishable experimentally from adsorption (Yong and
MacDonald, 1997). The precipitation occurs at high pH levels where aqueous metal cations
hydrolysed, resulting in precipitation of heavy metal hydroxides onto soil. The general
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equation for the divalent metals can be expressed as follows (Yongeral., 1992):
M?*(aq) + n H,0= M(OH)*", + nH"

The precipitation mechanisms may also occur as the carbonate species, which cause the high
retention of Pb and Zn on KC soil due to the high carbonate content. The precipitation
depends on the type of heavy metal, heavy metal concentration, pH of the solution, other
contaminants in solutions (Yong eral., 1995). The precipitation of lead may occur at lower
pH values than the Zinc due to lower solubility of Pb than Zn. However, at acidic pH
values, heavy metals adsorption becomes less effective due to competition at the exchange
sites from the H™ ions.

Clearly, the addition of carbonates to the kaolinite increases the amounts of Pb
removed from the solution. The efficiency of Zn removal, however, appears to be lower than
that of Pb, at all pH values. This is because, Zn is more mobile, and has a lower selectivity
for charged surfaces (Farrah and Pickering, 1979; Phadungchewit, 1990). A higher mobility
and lower selectivity implies that the contaminant will not be retained as effecuvely by the clay
particles. This may be explained by the reduced availability of free uncomplexed Zn’" ions
for precipitaton or by ion exchange as observed in the work of Yong et al . (1992). In all
cases zinc is less adsorbed than the lead. Competitive adsorption or retention between the
heavy metals was involved in this case.

As shown in Figures 4.3 and 4.4, the amount of heavy meuals retained in each case
of the kaolinite mixture is different when higher concentrations of heavy metal are applied.
This is because at low Pb* or Zn*" concentration, clay particles tend to disperse due to the
full development of the diffuse double layer (Yong et al. 1992). Hence, an increase in the net
repulsive forces between clay particles within the first order fabric unit, as well as between
first order fabric units themselves, is obtained (Mohamed et al. 1994). In this case, the clay
particle surfaces, in contact with the Pb>" or Zn*>* solution, tend to be at maximum. With an
increase in Pb?* or Zn** concentrations, the thickness of the diffuse double layer tends to

decrease. Hence, clay particles tend to become coarser and form aggregates. The resultant
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surface areas exposed to Pb*"or Zn*" solution are less than those of low concentrations.
Therefore, the Pb* or Zr¥~ adsorption capacity of a newly formed structure for high
concentrations is less than that of low concentrations. Also, the decrease in Pb> or Zn*"
adsorption at high concentrations could be attributed to the decrease in ion activity (Yong et
al. 1992).

On the other hand, the higher the concentration of Pb or Zn applied, the higher the
H remaining in the solution, which results in a reduction of the equilibrium soil solution pH.
The amounts of Pb retained in all cases are higher. The amounts of Pb retained increased with
higher pH levels. When soil solution pH is >3, almost all applied Pb is retained in the soils
whereas, when soil solution pH is <5 the amounts of Pb retained decreased rapidly. The
amounts of Pb retained in KS at lower pH are considerably higher than in the other three
cases.

In the case of kaolinite, the amounts of Pb retained are very much less than in the
other three cases. This is because the CEC value of kaolinite is low compared to the others,
as shown in Table 4.1. On the other hand, adding matenals to kaolinite increases the pH of
the soil, which indirectly enriches the buffer capacity of the soil.

The amounts of Zn retained in all mixtures are less than the amounts of Pb. This is
because when more than one species of heavy metals is applied to the soil, competition
between the metallic ions for adsorption sites occurs in addition to competition by other
ligands within the system. What is interesting to note is not only that the retention
charactenistics for each metal are different, but they aiso differ as the soil composition is
changed. The differences in selective adsorption are due to the differences in soil and heavy
metal properties. The ease of exchange with which cations of equal charges are held to the
soil particle surfaces is, in general, inversely proportional to the hydrated radii. Zn (0.074nm)
is less adsorbed in exchangeable form than Pb (0.12nm) (Yong et al., 1992). The affinity of
the heavy metals to be retained in soils could also be related to the pK value of the first
hydrolysis product of the metals (Elliott et al., 1986) where K is the equilibrium constant for
the above reaction. Ranking the pK value of Pb and Zn, the order follows Pb (6.2)>Zn (0.9).

On the other hand, precipitation as a mechanism which can result in higher amounts of Pb



Baitch Test Results 4.94

being retained in each soil because each heavy metal has its own range for precipitation which
depends on solubility of a metal hydroxide species and pH values. In between the precipitation
pH and high pH values, precipitation of the hydroxide species occurs. Zn hydroxide has
higher solubility and it precipitates at higher pH values, which causes less Zn to be retained

in each soil.

4.4 Soil Inorganic Contribution to Heavy Metal Partitioning

As was indicated in the previous section, in adsorption isotherm analysis, the amounts
of metal removed by spiked samples are compared against those amounts remaining in the
equilibrating solutions. This approach yields information on the attenuation capability and
absorption capacity of the samples for heavy metals, but it does not indicate what chemical
forms are present. It is also unable to distinguish between chemisorption and precipitation
mechanisms of fixation.

Sequential extraction analysis involves equilibrating a sample successively with
reagents in a manner that releases the different heavy metal fractions from the contaminated
soil solids by destroying the binding agent between the heavy metals and soil solids, thus,
permitting the individual metal species to be detected through appropriate analytical
procedures. This method reveals empirically the chemical partitioning of the metals, but the
information is less specific with regard to the sorption characteristics of the sampie. The
chemical partitioning of heavy metals in a contaminated clay liner, is therefore, of great
significance in risk assessment and remedial investigations. It is important to know the
dominantretention mechanisms of heavy metals in order to predict the possible remobilization
of heavy metals from clay liner into groundwater.

The selectnve sequential extraction method is based on the fact that the different forms
of heavy metals that are retained in soil (e.g., as exchangeable, carbonates, oxides, heavy
metal bound to organic matter, and as residuals fraction) can be extracted selectively by using
appropriate extractant reagents. The SSE method was used to investigate the contribution of
each fraction of soil to heavy metal retention and to obtain a better appreciation of the

capability of the candidate soil barrier to fuifill the necessary functional (i.e., contamination
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artenuation) requirements (Yong, Raymond N., Phadungchewit, 1993). The amounts of each
heavy metal retained as exchangeable, carbonate, oxides and residual for each kaolinite and
kaolinite mixture (KS, KC, and KCS) are plotted in Figs. 4.5ato 4.5d and Figs 4.6a to 4.6d
show the amounts of Pb and Zn fractions retained as a function of pH, for the K, KS, KC and
KSC soil, respectively. The selective sequential extraction was not carried out for the KC and
KSC soils at lower pH values because in the column leaching test the pH of the soil solution

may not reach to less than 5.0 in the range of this study.
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4.4.1 Discussion on Soil Inorganic Contribution to Heavy Metal Partitioning

From all the figures shown, it is evident that the amounts of heavy metals fractions
retained by each soil fraction change according to the change in soil solution pH. Retention
of Pb appears to be greater than Zn by the four different soils. Except for pure kaolinite, all
other kaolinite mixtures couid retain aimost all of the heavy metals at the high pH levels. The
CEC of kaolinite is low compared to the others, as shown in Table 4.1 The amounts of Pb or
Zn retained, moreover, is far greater than its CEC and becomes gradually lower as the pH
decreases. This is consistent with the situation where, under low pH, Al is dissolved from the
crystal structure and adsorbed on exchange sites, thus blocking the adsorption of Pb or Zn
by kaolinite as pH decreases.

The amount retained as pH increases, however, is different for each fraction,
depending on the type of soil. This is because of the different compositional features of the
soil. The results show that when the pH of the soil solution is greater than 5, retention is
dominated by precipitation mechanisms, which account for the very high amounts of Pb being
retained. In the partial precipitation region at intermediate pH (4-6), varnious hydroxides
species are formed, and retention of Pb by cation exchange and precipitation is
indistinguishable. High amounts of Pb retained at high pH could also be due to bonding to the
existing carbonates and oxides, thereby resuiting in high amounts of total heavy metals
retained. But as the pH become less than 4, only the exchangeable metal fraction
predominates. resulting in lower amounts of total heavy metals retained. KS or KSC is less
sensitive to the pH vanation. Both heavy metals, especially lead are retained in the
exchangeable and oxide phase at low pH. This is because the mechanism of adsorption of
heavy metals to silica gel is mostly predominated by specific adsorption or complexation.
Also, KS soil has the highest CEC compared to other soils. The high CEC value of KS helps
it retain higher amounts of Pb than KSC or KC soil as the soil solution pH decreases. The
decrease in pH of the soil solution means that cation exchange is the more likely an adsorption
mechanism. The presence of carbonates in KCS or KC soil contributes measurably to the
retention of the heavy metals, through precipitation with the carbonates, as seen in Figs, 4.5¢,
4.5.d, 4.6c, and 4.6d. The higher the carbonate content of the soil, the greater the amount
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of heavy metals that can be retained in the carbonate phase. The amounts of heavy metals
retained in the carbonate phase in KC soil are higher than in KCS soil because of the higher
amounts of carbonate in KC. The amounts of heavy metals retained in the carbonate phase
becomes negligible when the pH decreases to less than 4 for KC and less than 3 for the KCS.
The dissolution of carbonates, at low pH levels, appears to be responsible for the decreased
amounts of heavy metals retained by the carbonate phase at low pH values. The amounts of
heavy metals retained in the exchangeable phase of KS are higher than those in the other soils
because of the much higher CEC of silica gel. The larger number of exchangeable sites

increases the potential for heavy metals retention in the soil by the exchangeable phase.

4.5 The Effect of Complextion on Heavy Metals Distribution

Coordination or compiex formation of heavy metals or other cations is any
combinations of cations with molecules or anions containing a free pair of electrons (Stumm
and Morgan, 1996). This process occurs through electrostatic or covalent bonding or a
mixture of both. The metal cation, in a complex formation, is the central atom and the
participating anions or molecules the /igands. The ligand, or donor, must have at least one
pair of free (unbonded) electrons to be shared between it and the central atom. By and large,
the complexes formed between the metal ions and inorganic ligands are much weaker than
those complexes formed with organic ligands (Yong et al., 1992). The inorganic ligands
which will complex with the metalic ions include most of the common anions, e.g. OH", CI',
SO*,, etc..

For organic ligands, such as the amines, phenols, etc. complexation occurs when a
central metalic cation becomes attached to two or more inorganic or organic groups by
coordinate covalent bonds. Complexation by coordination with multidenate ligands is called
chelation, and the complex formation is commonly referred to as chelates. The effectiveness
of complexing ligands depends not only on the choice of the chelating agent used, but also
on the stability, absorbability of the complexes formed and on the pH of the system. The
control parameters in carrying out an application would be the type and concentration of the

complexing agent, the presence of other cations, and the pH of the system. EDTA has been
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justified by many researchers (Elliott and Brown, 1989; Mohamed and Trasente, 1996) as
a complexing agent and was used in this study to investigate how EDTA affects the
partiioning of the heavy metals in different clay soils. metal-ethylene- diamine-tetra acetic
acid or EDTA which has been used in this study is known for strong complexing organic
agents. [t acts as muiltidenate ligands which wrap themselves around metal ions in chelate
formation. In the following sections the results of the effect of chloride as an inorganic and
EDTA as an organic complexing agent on heavy metals retention in batch equlibrium tests
are addressed.

4.5.1 Chioride Concentration on Distribution of Heavy Metals

Chloride, under certain circumstances, may also be of great significance in determining
heavy metals distribution in the environment, due to its effects on heavy metals mobilization.
Chloride concentrations in municipal and industrial waste are reported as ranging from 25 to
100000 ppm (Hahne and Kroontje, 1973. [n addition, since the Early 1969's, NaCl and CaCl,
have been used extensively to keep roadways free of snow and ice (Elliott and Linn, 1987).
Road salt, besides being a contaminant itself, stimulates the release of Hg and other toxic
heavy metals to groundwater. In this section the effect of chloride concentrations on heavy
metals distribution into different clay soil (K, KS, KC, KSC) is presented.

Two heavy metals, lead and zinc, solutions with two levels of concentration ,immol
and Smmol/L, were separately and compositely applied to each clay soil with increasing
amounts of chloride. The chlonde concentrations used in this study range from 0.01 to !
mole. This made the amount of each heavy metal applied to each soil equal to 1.0 cmol and
5.0 cmoi/kg and the amounts of chloride concentration ranged from 0.1 to 10 moi/kg soil.
The prepared solution was applied to the soil at a ratio of 1/10 in the same manner as in the
batch equilibrium test, The amount of heavy metal retained in the soils was calculated as the
difference in the heavy metal applied and what remained in solution. The heavy metal retained
and the computed K, distnibution coefficient versus amounts of chloride added in mol Cl7kg
to soil for kaolinite and kaolinite mixtures (KS,KC,KSC) are shown in Figures 4.7a-d to
4.14a-d, respectively.

As shown , the addition of chloride as a complexing component reduced the amounts
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of heavy metals retained for all type of soils. The amount of Pb retained begins to drop when
the chloride concentration is greater than 0.05 mol/l of solution and lead and zinc mobilities
increased with increasing concentrations of Cl. The effect was found to be directly related to
the degree of chloro-complex formaton. The greater the amount of chloride present, the
higher the observed mobility of lead and zinc.

[n the case of kaolinite, there is a reladve drop in Pb and Zn retention with increasing
chloride concentrations. As shown in Figures 4.8 a-d, in kaolinite, the partitioning
coefficients, Kd, of Pb and Zn are very much less than in the other three cases. K, s vary
from 0.98-0.28 t00.35-0.07 ml/g for lead using low heavy metals concentratons separately
and compositely, respectively, and from 0.14-0.09 t0 0.20-0.06 ml/g using high heavy metal
concentration, depending on of the chioride concentrations due to complex formation of
chioride with heavy metais. K, s vary in the range of 0.31-0.15 t0 0.11-0.09 ml/g for zinc
using low heavy metals concentrations separately and compositely, respectively and from
0.13-0.09t0 0.13-0.08 ml/g using high heavy metals concentrations. However. using heavy
metals compositely reduced the partitioning coefficients for both zinc and lead due to the
competition between the metallic ions for adsorption sites in addition to competition by
other ligands within the system.

In case of kaolinite mixtures (KSC and KC), heavy metal retention and partiioning
coefficients were less affected using a concentration of 5 cmol/ kg soil separately or
compositely due to the precipitation of lead and zinc. As shown in Figures 4.12 a-d, in KSC
soil K4 s vary in the range of 324.0-136.0 to 319.8-130.3 ml/g for lead using low heavy
metals concentratons separately and compositely, respectively, and from 1231.5- 465.8
to1050.4-366.5 ml/g using high heavy metal concentration. K s vary in the range of 262.63-
110.7 to 258.5-96.7 ml/g for zinc using low heavy metals concentrations separately and
compositely, respectively, and from 213.2- 82.2 to0 141.4-62.7 ml/g using high heavy metal
concentration.

In case of KC soil, in Figures 4.13a-d and 4.14a-d, K, s vary in the range of 803.1-
423.3 to 1366.1-205.3 ml/g for lead using low heavy metals concentrations separately and
compositely, respectively, and from 1573.3- 662.2 to 680.8-220.7 ml/g using high heavy
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metal concentration. The resulting higher K, s in the case of high concentration of heavy
metals is due to the precipitation of lead and preferable adsorption of lead to zinc in KC soil.
K4 s vary in the range of 293.5-98.9 t0 258.5-96.8 ml/g for zinc using low heavy metals
concentrations separately and compositely, respectively, and from 82.5-31.3 to 114.2-42.4
ml/g using high heavy metal concentrationsIn case of KS soil, in Figures 4.9a-d and 4.10a-
d. Kqs vary in the range of 324.0-136.0 to 304.2-130.3 ml/g for lead using low heavy
metals concentrations separately and compositely, respectively, and from 1231.5- 463 8 to
1116.0-366.5 ml/g using high heavy metals concentrations. The resulting higher K;s in the
case of high concentration of heavy metals is due to the precipitation of lead and preferable
adsorption of lead to zinc in KS soil. K, s vary in the range of 262.6-101.7 to 224.7-96.8
ml/g for zinc using low heavy metals concentrations separately and compositely,
respectively, and from 213.2-82.3 to 157.5-62.8 mi/g using high heavy metal concentrations.
The amounts of Zn retained in all mixtures are less than the amounts of Pb. This is
because when more than one species of heavy metals is applied to the soil, competition
between the metallic ions for adsorption sites occurs in addition to competition by other
ligands within the system. What is interesting to note is, not only that the retention
characteristics for each metal are different, but they also differ as the soil composition is
changed. The differences in selective adsorption are due to the differences in soil and heavy
metal properties. Macroscopically, the tendency of an ion to be sorbed depends on its
concentration in the aqueous phase relative to the concentration of other sorbable ions, the
selectvity of the sorptive substrate for an ion relative to the other ions, and the number of
sites on the sorptive substrate (Yong et al., 1995 ). Given similar concentrations of sorbable
ions in the aqueous phase, the selectivity of Pb*" is higher than the selectivity of Zn>".
From the results of K, and retention values shown in Figures 4.7 to 4.14 for each soil
matenial, it may be concluded that the distribution coefficients for each heavy metal are
greatly affected by the type of soil, the concentration of heavy metals and other contaminants
in the solution. Distribution coefficients range from values near zero to 10* ml/g or greater.
These results agree with the general values of K, reported in the literature ( Freeze and

Cherry, 1979; Melisson ef al., 1995).
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(a) Zn or Pb (1cmol/kg soil) separately  (b) Zn or Pb (Scmol/kg soil) separately
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4.5.2 EDTA Concentrations on Distribution of Heavy Metals

EDTA has relatively low solubility in water, therefore, it is usually used in aqueous
solutons in the form of its disodium sait, Na-EDTA. The molecular weight of Na-EDTA is
45221 g, and it has a solubility of 10.8g in 100 cm®at 22°C. EDTA, known as a strong
organo-metal complexing agent, could swongly affect the heavy metals retention in a mult-
component heavy metal soluton. EDTA concentrations and pH were extensively studied by
{Castellan, 1996) for the desorption of heavy metals from contaminated soil in a batch
equiibrium test. In this section the effect of EDTA on the distribution of heavy metals in
different soil materials is presented. Again, two heavy metals, lead and zinc, solutions with
two levels of concentration, !mmol and Smmol/L, were separately and compositely applied
to each clay soil increasing amounts of EDTA.

Mohamed and Trasente’s (1996) research indicated that EDTA at a pH level of 4.50
and a minimum concentraton of 0.01 mol/L. had maximum effectiveness in removing the
heavy metals from the clay soil in batch equilibrium tests. The initial pH of the EDTA at a
concentration of 0.1 mol/L is 10.75. The pH of the samples was reduced to 4.50 by adding
nitric actd. The EDTA concentrations used for this study range from 0.001 to 0.01 mole.
This made the amount of each heavy metal applied to each soil equal to 0.01mol and 0.05
mol/kg soil and the amounts of EDTA concentration ranged from 0.01 to 0.1 mol/kg soil.
The prepared solution was applied to the soil at a ratio of 1/10 in the same manner as in the
batch equilibrium test. The amount of heavy metal retained in the soils was caiculated as the
difference in the heavy metal applied and that remaining in the solution. The heavy metal
retained and the computed K, distribution coefficient versus amounts of EDTA added in mol
EDTA/kg soil for kaolinite and kaolinite mixtures (KS, KC, KSC) are shown in Figures
4.15a-d to 4.22a-d. As shown, the presence of EDTA significantly reduced the retention
and distribution coefficient of both heavy metals in all soils. The amount of Pb retained begins
to drop as the EDTA concentration becomes greater than 0.005 mol/l of the solution and
lead mobility increased with increasing concentrations of EDTA. As the concentration of
EDTA became close to 0.01, the amounts of both heavy metals retained on all clay soil is

around zero. The presence of the EDTA affected the complex formation of the carbonate,
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chlonde or hydroxy of the lead and zinc and thus, there is no evidence of the precipitation
of either heavy metals even with a high concentration of lead and pH of the soil solution.
The greater the amount of EDTA present, the higher was the observed mobility of lead and
zinc.

In the case of kaolinite, there is a relative drop in Pb and Zn retention with increasing
EDTA concentrations. As shown in Figures 4.15a-d and 4.16a-d, the partitioning
coefficients, K, of Pb and Zn are very much less than in the previous cases using chlonde
as a complexing agent. K, s vary in the range of 0.0014-0.022 to 1.5 x 10”7 -0.122 mL/g
for lead using low heavy metals concentrations separateiy and compositely, respectively, and
from 3.4 x 10 -0.392 to 0.003 - 0.1459 mL/g using high heavy metal concentration,
depending on the EDTA concentrations due to complex formation of EDTA with heavy
metals. K, s varyin the range of 1.8 x 10~ -0.002 to 4.1 x 10° -0.0105 mL/g for zinc
using low heavy metals concentrations separately and compositely, respectively and from
0.037-5.5 x 10 10 0.082-1.2 x 10-7 mL/g using high heavy metals concentrations.
However, using heavy metals compositely reduced the partitioning coefficients for both zinc
and lead due to the competition between the metallic ions for adsorption sites occur in
addiuon to competition by other ligands within the system.

In the case of KC soil, in Figures 4.17a-d and 4.18a-d, the retenton and partidoning
coefficients of both lead and zinc were reduced as EDTA concentrations increased. K, s vary
in the range of 0.0043- 0.65 t0 6.9 x 10~ - 7.07 mL/g for lead using low heavy metals
concentrations separately and compositely, respectively, and from 0.07-10.86 t00.06 110.69
mL/g using high heavy metal concentration. The resuiting higher K, s in the case of high
concentration of heavy metals are due to lower complex formation of EDTA with both lead
and zinc, and preferable adsorption of lead to zinc in KC soil. K, s vary in the range of
0.0006- 0.065 mL/g for zinc using low heavy metals concentrations separately and
compositely, respectively, and from 0.004- 1.58 to 0.0034- 0.55 mL/g using high heavy
metal concentrations.

In the case of KSC soil, shown in Figures 4.19a-d and 4.20a-d, K, s vary in the range
of 9.1x10™-0.63 t06.9x 10 *-4.82 mL/g forlead using low heavy metals concentrations
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separately and compositely, respectively, and from 0.074 - 10.86 to 0.057- 111.090 mL/g
using high heavy metal concentration. K, s vary in the range of 6.1 x 10* -0.25t03.9x 107
-0.222 mL/g for zinc using low heavy metals concentrations separately and compositely,
respectively and from 6.1 x 10°-1.58t0 8.1 x 10 ? - 0.55 mL/g using high heavy metal
concentration.

In the case of KS soil, in Figures 4.21a-d and 4.22a-d, K, s vary in the range of 8.9
x 107 -0.65 to 9.7x 10 - 1.13 mL/g for lead using low heavy metals concentrations
separately and compositely, respectively, and from 0.041- 6.481 to 0.0016 -2.75 mL/g
using high heavy metals concentrations. K, s vary in the range of 3.5 x 10™ -0.125 to 4.8
x 107 - 0.067 mL/g for zinc using low heavy metals concentrations separately and
compositely, respectively, and from 4.8 x 10°-0.067 t0 0.0012 -0.112 mL/g using high
heavy metal concentrations.

The amounts of Zn retained in ail cases are [ess than the amounts of Pb. As shown,
in all cases higher K, values were found in the case of applying EDTA to composite heavy
metals. This is because when more than one species of heavy metals is applied to the soil,
the lower the possibility of the complex formation of EDTA with both heavy metals. What
Is interesting to note is not only that the retention characteristics for each metal are different
with increasing EDTA concentrations, but they also differ as the soil composition is

changed.



Batch Test Results 4114

(a) Zn or Pb (1cmol/kg soil) separately (b) Zn or Pb (Scmol/kg soil) separately
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(a) Zn or Pb (1cmol/kg soil) separately
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(a) Zn or Pb (1cmolkg soil) separately
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(a) Zn or Pb (1cmol/kg soil) separately
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(a) Zn or Pb (1cmol/kg soil) compesitely
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(a) Zn or Pb (1cmol/kg soil) separately
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(a) Zn or Pb (1cmol/kg soil) separately
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4.6 Summary

The effect of multi-component heavy metals (lead and zinc) on the distribution
coefficient, K,, for different clay soils at variable pH has been discussed in this chapter. It has
been shown that the presence of other contaminants, their concentrations, especially
inorganic and organic complexing agents, affect the distributon coefficient, and varies with
soil constituents, CEC. SSA and pH of the soil solution. As the pH decreased and soil CEC
and SSA decreased, the distribution coefficient decreased. In the presence of a conservative
complexing component such as EDTA the distibution coefficient significantly decreased as
the concentration of EDTA increased. Thus, the K, parameter can have an important effect
on the uncentainty associated with the modelling results. This parameter is often used to
describe the partitioning of a contaminant between the ground-water solution and the solid
soil matnx. In addition, the batch equilibrium test, which has been used as a tool for
measuring the distnbution coefficient, does not represent the compacted clay liner in field.
The purpose of the next chapter is to investigate the partitioning of heavy metals in the
column leaching test, compare the results with batch equilibrium tests and whether itis
possible to use the distribution coefficient computed through batch tests for the prediction

of the coupled solute transport in the clay liner material.
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Chapter 5

Column Test Results for Artificial Soil

5.1 General

The results of the effects of bulk solution composition on heavy metals distribution
in different clay soils for batch tests, using different concentrations of chloride or EDTA as
the complexing agent were discussed in the previous chapter. In this chapter, the effects of
bulk solution composition on heavy metals mobilization and immobilization in different clay
soils is investigated.

The immobilization process minimizes the migration of heavy metals by fixing them
in a non-leachable form. The migration of heavy metals can be considerably reduced by
solidifying the soil, or chemically altering the metals in a non-leachable form (Peters and
Shem. 1992). How different clay soils respond to immobilization of the Pb and Zn s
addressed in this chapter. The immobilization of heavy metals can be affected when an acidic
heavy metals solution spiked with other contaminant complexing agents is used.

This chapter presents the resuits of column leaching tests for the controlled samples
in which kaolinite and kaolinite mixed with silica gel and calcium carbonate (K, KS, KC, and
KSC) are used as the soil material and a heavy metal solution (Pb or Zn) with a concentration
of Immol/L (Pb or Zn) is used as a leachate spiked with NaCl at a concentration of 0.05
mol/L. The pH of the leachate solution was fixed at around 3.0 and the hydraulic pressure
was monitored at 2.5 psi (2m of hydraulic head). The resuits of permeability tests are
presented and discussed first, followed by those of chemical analyses of both leachate and test
samples (total mass transfer, retention and migration profiles). Test results will often be
presented in groups in order to simplify the discussion. In this fashion, the effect of soil

inorganic constituents on the coefficient of hydraulic conductivity, migration and retention
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capability may be addressed in a more straightforward manner. The calibration of the program
for parameter estimation by the experimental results is presented second, followed by the

predicuon of the long term migration and retention profiles of heavy metals.

5.2 Permeability Results

Constant head permeability tests were performed with inflow and outflow volume
rates monitored. The contaminant was introduced from the top and collected at the bottom.
Permeability testng using hydraulic gradients much higher than actual field conditions can
cast doubt on the validity of laboratory results, however, the results of the permeability test
done by Cabral and Yong (1993) and Kallur er a/. (1995) at different gradients from 25-100
for kaolinite clay show that there are slight changes in the coefficient of the permeability. The
results of the permeability test for kaolinite and kaolinite mixtures for D.W. and heavy

mertals solution at different pore volumes (K, KS, KC and KSC) are shown in Figure 5.1.

5.2.1 Discussion on the Hydraulic Conductivity Results

The resuits of coefficient of permeability, shown in Figure 5.1, indicate that the
coefficient of hydraulic conductivity can be significantly influenced by the soil consttuents but
the introduction of the lead and zinc permeant did not affect so much the hydraulic
conductivity value of the material since the permeant solution at low concentration did not
affect the diffuse double layer of the clay soil material. Kaolinite soil has the least coefficient
of permeability of the three other soils. This is because the addition of permeant solution
with a pH of 3.00, which is above the ZPC(4.2), in kaolinite could result in the situation
where the soil tends to deprotonate or surrender H* from its edges, thereby resulting in a
reduction of the soil solution pH (Ohtsubo, 1994) which could resuit in more mobility of the
ions. In all clay soils the coefficient of hydraulic conductivity of the zinc is more than the
lead permeant solution. This is because Zn ions are more mobile than the Pb ions, as discussed

in the batch equilibrium test.
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As the permeant is continued and more pore volumes of effluents result, the coefficient of
permeability begins to increase, as shown in the Figure 5.1. This is because at high ionic
concentration solutions the thickness of the diffuse double layer decreases and consequently
leads to an increase in the hydraulic conductivity (Mitchell, 1976).

In all cases, clay permeated with distilled water shows an initial decrease at first, then
increases with subsequent relatively constant permeability and lower coefficient of
permeability, as a result of the removal of the natwral salts in the soil through leaching of the
sample by distilled water. The increase in the permeability of all types of clays, leached with
heavy metals at high pore volumes of effluent, can be attributed to the reduction in the diffuse
double layer thickness due to replacement of the monovalent ions or exchange of calcium
in carbonate soil from the solution by divalent heavy metals (Yong er al. 1992b).

To illustrate how fast the permeant was passed through each clay soii , a graph of time
versus effluent pore volumes for each clay soil is plotted in Figure 5.2. As shown, soil
constituents have a great affect on the permeability of the clay soil.

However, as shown in the Figures 5.1b and 5.2b, 5.1cand 5.2c, and 5.1d and 5.2d,
the kaolinite mixwres with silica gel or calcium carbonate exhibit a coefficient of permeability
almost one order less than the kaolinite. The resuits indicate the importance of silica gel as
an additive material to clay minerals for the reduction of the permeability. Lower permeability
gives a higher retardation of heavy metals transport within the landfill which agrees with
previous experience with fly ash (Pluss, 1993). This is because amorphous materiai acts both

as a coating and a cementing material (Yong er al., 1992a).
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5.3 Effluent pH Results

As described in the experimental program in Chapter 2, the pH of the permeant
solution was kept constant, around 3.0, to simulate an acidic environment for the source
contaminant because in the field of land disposal, not only acid rain but also the presence of
acids in solid or liquid wastes in landfill can influence the soil pH. The pH of the effluents was
measured after each pore volume to find out how the soil material is buffered to the acidic
leachate in the input solution. The results of the effluent pH as a function of pore volume for

each soil ( K, KS, KC, KSC) are shown in Figure 5.5.

5.3.1 Discussion on the Soil Constituent on the Effluent pH

As shown m Figure 5.3, as the pore volume increases the more H" ions are introduced
into column soil and thus the pH of the soil solution decreases. The resistance of the soil to
a change in pH., called soil buffer capacity (Yong, et al., 1995), is different as the column
receives a continuous load of acidic heavy metals and also depends on the soil constituents.
The pH of the effluent of the kaolinite soil is more affected than the three other clay soils
by the increase in pore volumes. This is because kaolinite soil has low initiai pH. KC soil
has the highest effluent pH and soil pH profiles due to its high carbonate content
(Phadungchewit, 1991).
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5.4 Migration Profiles and Breakthrough Curves for Mobile Components

The experimental migration profiles for chloride and its breakthrough curves,
representing the vanations of relative concentrations with effluent PVs, measured by the
AgNO, titration method, and a comparison with the results of COSTCHEMCLAY for CI for

pure kaolinite and kaolinite mixtures, are shown in Figure 5 4.

5.4.1 Discussion on Migration for Cl

The chiloride ion is considered to be very mobile. As such, attenuation of the Cl" is
low, as depicted in the figures. The kaolinite mixed with amorphous silica (KS) shows higher
attenuation of CI” with a breakthrough at 4.5 pore volumes compared to that of kaolinite at
3.5 PV. As shown in Figure 5.4, the chloride concentrations vary with the time and space.
Even for chloride, which is a mobile component, its breakthrough curve did not occur until
at least two pore volumes of input solution passed through the column. A breakthrough
curve of the ionic species is said to have occurred when relative ( input/output) concentration
is equal to 0.5. The higher the Cl concentration, the lower the degree of heavy metals
adsorption. This means that the distribution coefficient, measured from the batch test using
a constant concentration for the chloride, could not represent the vanation of the chlonde

concentration with time and space in a compacted clay liner.
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5.5 Quantitative Analysis of Total Heavy Metals

Total concentration of heavy metals in any particular depth of clay soil is generally
the sum of those which are sorbed by solid surfaces and in solution (soluble). The sorbed
fraction consists of two basic components (Salim er al., 1993): 1) fixed metals which have
been incorporated into the crystal lattices or mineral phases by chemisorption, solid state
diffusion, or precipitation, and ii) adsorbed through exchangeable metals which are weakly
bound by electrostatic forces to the organic and inorganic phases. Heavy metals which are
adsorbed by the exchangeable phase or are precipitated are considered to be the most mobile,
especially at low pH of the soil solution (Yong and MacDonald, 1997). On the other hand.
the fixed fraction is immobile and of less toxicological concem. The chemical partiioning of
heavy metals in contaminated soil is, therefore, of great significance in risk assessment and
remedial investigation.

In order to determine the total amounts of heavy metais (adsorbed + precipitated +
dissolved) at any particular depth in a column leached by the heavy metals, the acid
digestion method recommended by ASTM (1984), was used to bring these metals into
solution, and consequently measure the concentration by means of atomic adsorption
spectrophotometer. To determine the vertical distribution of the total amount of each heavy
metal at certain pore volumes of leachate, soil specimens were taken apart and the soil layers
secnoned into 10-mm-thick slices. Trial digestion was performed using 2 grams of the bulk
soil slice, representing each particular depth of the column soil (5 layers) which had been
previously air-dried, ground and mixed in a ceramic mortar to ensure homogeneity. Ten
millilitres of nitric acid (1:1) was added to the soil in a 250 mL conical Phillips beaker,
mixed with slurry, and covered with a watch glass. The sample was heated to 95 and
refluxed for 10 to 15 minutes without boiling. The sample was allowed to cool, 5 mL of
concentrated nitric acid was added , the watch glass was replaced, and refluxed for 30
minutes, 2 mL of water was added as well as 3 mL of 30 % hydrogen peroxide until the
general sample appearance was unchanged, then 5 mL of concentrated HCI and 10 mL of
water was added and refluxed for additional 15 minutes. After the sample was cooled, its was

diluted to 100 mL with water. Details of the acid digestion method can be found in the
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ASTM (1984). All samples were analysed in triplicate to obtain a mean value and to check

precision.

5.5.1 Total Heavy Metal Profile Resuits

The total amounts of lead (Pb) and zinc (Zn) in each clay soil (K, KS, KC and KSC),
obtained from the above methods, are presented as total lead and zinc concentration profiles
in Figures 3.5a, 5.5b, 3.5¢, 5.35d, 5.6a, 5.6b 5.6¢c and 5.6d, respectively. Triplicates were
made for each one of the slices of a sample. Every point in each graph represents the average
of three values. These results represent total acid-digested heavy metals (adsorbed,
precipitated and dissolved, within the crystal structure of the clay minerals and other soil
constituents). A simple conversion was needed to present the total heavy metals
concentration from the acid digestion method in more appropriate units, i.e., grams of heavy

metal retained /grams of soil, using the following formuia:

(supernatamt concentration) x WDS x100mL
1000mL x 2g

mass of heavy metal (mg) =

where WDS is a weight of depth slice. To compute the concentration of heavy metal into
mg/L for each slice along the soil column a simple conversion, suggested by (Mohammad,
1994), was applied. The results are plotted using total component concentrations versus depth
for various leachate PVs. No Pb™ and very little Zi™* was detected in the bottom slices,
especially in kaolinite mixture soils (KS, KC, KSC), leaching up to 3 PV leachate, indicating
that Pb>" and Zn*" were retained at the top part of the column. The concentrations of Pb*
and Zn** have increased with PV through the soil column as a function of leachate PV. Both
metals continued to transport through the soil column as a function of leachate PV. Zn* is
more mobile than the Pb** and less zinc was retained in all types of the soil. The kaolinite,
which has a very low CEC and SSA, and does not have any significant amount of soil
constituent results in the highest transport of both heavy metals compared to the three other

soils, as shown in Figures 5.5a and 5.6a for lead and zinc , respectively.
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(a) Total Zn Profiles in Kaolinite
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5.5.2 Heavy Metals Dissolved Profiles

To determine the pore fluid concentration (soluble ions) of each heavy metal at any
particular depth (migration profile) of the clay soil, for each pore volume, 2 gr of sliced
specimen was mixed with distilled water at a ratio of /10 in a 40 ml centrifuge tube. The
bottles were then placed in a shaker and kept at a constant temperature of 25" C. Based on
the experimental results of the supematant concentrations and shaking time, it was determined
that equilibrfium concentrations were obtained after 18 h of shaking. After the shaking period.
the specimens were centrifuged to separate the clay from the liquid. The supernatant liquids
from the bottles were filtered, and the equilibrium concentration in the liquid phase of a
constituent of interest, (C, expressed in units of mass of constituent per unit volume of liquid)
were measured using atomic adsorption spectrophotometry. A simple conversion is necessary
to convert the pore fluid concentration of each heavy metal in units of mg/g or g/kg of the
soil.

The experimental results of migration profiles of lead and zinc for kaolinite soil and
kaolinite mixtures (KS, KC, KSC) are shown in Figures 5.7a, 5.7b, 5.7c, 5.7d, 5.8a, 5.8b 5.8¢
and 5.8d, respectively. The results are plotted using equilibrium pore fluid concentration
versus depth for various leachate PVs. No Pb*™ and very little Zo~ is collected in the
effluent leaching up to 3 PV leachate, indicating that Pb>~ and Zn®" were retained in the soil.
The concentrations of Pb*" and Zn®" in the pore fluid have increased with PV through the soil
column as a function of leachate PV. Both metals continued to migrate through the soil
column as a function of leachate PV. Zn’" is more mobile than the Pb*" and less zinc was
retained in the sol. No lead and very little zinc migrated to the bottom slices, especially for
kaolinite mixtures (KS, KC, KSC). This is because, the addition of carbonates and silica gel
to the kaolinite increases the amounts of Pb removed from the solution. The efficiency of Zn
removal, however, appears to be lower than that of Pb, in all types of the soils. This is
because, Zn is more mobile, and has a lower selectivity for charged surfaces (Farrah and
Pickering, 1977; Phadungchewit, 1990). A higher mobility and lower selectivity implies that
the contaminant will not be retained as effectively by the clay particles. This may be explained
by the reduced availability of free uncomplexed Zn™ ions for precipitation or by ion exchange
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as observed in the work of Yong er al . (1992). The fact that zinc was detected eariier than
lead in the leachate collected indicates that Zn>" is more mobile than Pb*". This agrees with
the previous findings of several authors, including Farrah and Pickering (1977);
Phadungchewit (1990), Yong er al. (1993), Mohamed er a/, 1994 and Martell and Hancock
(1996). This can be attributed to the difference in the hydrated radii of Pb*" and Zn*" cations
near the clay surface. The kaolinite results in the highest pore fluid concentration profiles,

due to the lowest retention of both heavy metals compared to the three other soils.
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5.5.3 Heavy Metal Adsorption and Retention Profiles

The total retention of heavy metals along the depth of the clay barrier include the
adsorbed and precipitated ones . To calculate the total retention, the migrated heavy metals
measured from pore concentrations (soluble ions) were subtracted from the total heavy metal
measured from digestion. The concentrations of Pb*~ and Zn*"were computed for unit mass
of the soil [ S=C,- C, ], where C,= the total component concentration measured by the acid
digestion. and C,= the pore fluid concentration ( soluble) for each heavy metal. The unit of
S is mg of constituent adsorbed/g of dry soil.

Experimentally, it is not possible to distinguish between the precipitated and
adsorbed metals and since the range of concentrations of soluble heavy metals used for the
leachate was low (Immot) the heavy metals were most probably adsorbed into the clay. In
other words, there was no lead or zinc precipitated into the kaolinite and very little lead was
precipitated at the top part of the soil column for kaolinite mixtures, which have high soil
solution pH values.

The experimental adsorption profiles of lead and zinc at 1PV, 2PV, 3PV and 5PV
for kaolinite clay and kaolinite mixtures (KS, KC, KSC) are shown in Figures 5.9a, 5.9b,
5.9c¢, 5.9d, 5.10a, 5.10b, 5.10c and 5.10d, respectively. The kaolinite, which has a very low
CEC and SSA, and does not have any significant amount of soil constituent, apparent from
its clay mineral, results in the lowest retention of both heavy metals compared to the three
other soils, as shown in Figures 5.9a and 5.10a for lead and zinc , respectively.

The retention increases with ime and space until migrated heavy metal in each slice
reaches to steady state in which the adsorption is maximum. Very little Pb and only a litic Zn
were adsorbed at the mid and bottom slices of the kaolinite mixtures soils since most of the
lead and zinc was retained in the top slices. Retention of Pb appears to be greater than Zn
by the four different soils. Macroscopically, the tendency of an ion to be sorbed is dependent
on its concentration in the aqueous phase relative to the concentrations of other sorbable ions,
the selectivity of the sorptive substrate for an ion relative to other ions, and the number of
sites on the sorptive substrate.

It can be seen from Figures 5.9a-d to 5.10a-d that the quantities of Pb and Zn
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adsorbed by the compacted clay samples are always less than quantities which characterize
the adsorption isotherm of the material measured through the batch equilibrium test described
in Chapter 4, using the same concentration of the each heavy metal. The differences in Pb and
Zn retention are due primarily to the availability of exposed clay particle surfaces. This
reasoning argues that, in soil suspensions, where all dispersed clay particles can contact the
dissolved contaminant, accumuiation processes are at optimum.

In the case of compacted materials, however, aggregate and cluster formation will
considerably decrease the effective specific surface area, thus severely reducing adsorption.
The permeant fluid will preferably flow around rather through the clay structures. The results
of adsorption characteristics of compacted clay can cast doubt on the validity of the
adsorption isotherm as a tool for contaminant transport models. In this fashion, the
adsorption phenomena taking place in an actual situation is more realistically reproduced.

However, as these figures show, all of the heavy metals are retained in the kaolinite
soil by adsorption rather than precipitation due to its low soil solution pH. Most of the heavy
metals are retained in carbonated soil by precipitation (KC and KSC), which cannot be
distinguished from the experimentai results (Yong, and Macdonald, 1997). It is not possible
to compute either the adsorption or the precipitation profiles by the K, approach (Darban
et al., 1997).
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(a) Pb Retention Profiles in Kaolinite (b) Pb Retention Profiles in KS Soil

a 1pv 0 1PV
t‘ . 2PV 3PV
= A e~ [ | 1 .; (:)
lu \&‘ ~ . pv lo _,q-‘ - e PV
KN T | el e e ®
. \’\ .. Sf;\' .“ PR
L 33 . -
0 < vy T@ @ 20 | oy X
—~~ - -~ — .I. -
£ s \ . g A
] s, [ . ~ = -, e
g - - p— T J -
g T y o Q =~ @
oI 7 ! ' a b/
w0t ;
Froo ® wEve
¢ - . b -
I ! ' I
op  ow - o sor<_ @
60 : - 60 . .
0 s ol uls a2 02s 03 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Relauve Concentrations (C/C0) Reclative Concentrations (C/C0)
(c) PbRetention Profiles in KC (d) Pb Retention Profiles in KSC
0 1PV o 1 4%
| . |2 P
10 . - Y PV 10 - - ‘Q_ 3PV
,ord < & [ ) | - -
-—d T - SPV
0 - * 20 - o
= a4 =
g | g
= ,
=3 ‘b = »
-— " b1
g P g
a [ 2

5
T‘
&

60 : _ : : @ : ; 1 . :
a o1 02 03 03 0s 0 0.2 04 0.6 0.8
Relative Concentrations (C/CO0) Retative Concentrations (C/C0)
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5.5.4 Partitioning Coefficient Profiles (Kd)

As was indicated in the introduction, most of contaminant transport models are
based on a linear adsorption isotherm through batch equilibrium tests, and are most often not
physically valid inasmuch as the ability of clay particles to adsorb solute ions decreases as the
adsorbed amount of that solute ion increases-contrary to expectations from the linear model
(Yong eral., 1992b). The correct modelling of an adsorbate undergoing both transport and
adsorpuon through a clay soil system necessitates the selection of an adsorption isotherm,
or characteristic model, that best simuiates the contaminant interaction. The adsorption
isotherm, based on batch equilibrium tests (linear or non linear), is very far from the
adsorption of the contaminant in the compacted clay in which less surface of adsorbate is
exposed to contaminant and thus is expected to have less adsorption.

The Kd, representing the ratio of the adsorbed to dissolved heavy metal
concentrations, is computed for each slice of the soil along the depth of the column and the
resuits are illustrated as K, profiles in Figures 5.11a, 5.11b, 5.11¢, 5.11d for lead and
5.12a, 5.12b, 5.12c, and 5.12d for zinc.

As shown in these figures, K, is dependent on the type of soil, heavy metal, and
varies with time and space. In the case of kaolinite shown in Figure 5.12a and 5.13a, there is
a relatve drop in Pb and Zn partitioning coefficients, Kd, at the top with increasing pore
volumes and it reaches to its steady state at 5 pore volumes. In the case of kaolinite mixtures
(KS. KSC and KC) shown in Figure 5.11c, 5.11d, 5.12c and 5.12d, Zn and Pb partitioning
coefficients were less affected by increasing pore volumes due to the precipitation of lead and
zinc and higher buffer capacity of the kaolinite mixtures. It can be seen from Figures 5.1 1a-d
to 5. 12a-d that the partitioning coefficients of Pb and Zn adsorbed by the compacted clay
samples are always less than quantities which characterize the adsorption isotherm of the
material measured through the batch equilibrium test, using the same concentration of the
each heavy metal. The differences in Pb and Zn partitioning coefficients are due primarily to
availability of exposed clay particle surfaces. In the above system since the chloride
concentration and pH of the soil solution changes along the depth of the soil column and for
each pore volume of effluent, as depicted in Section 5.3.1, the adsorption of the heavy metals
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by clay soil is changed and thus a different K, is expected. The K, increases with depth
because at the top the Cl concentration is higher and the pH of the soil solution is lower,
which resulted in the lower the degree of heavy metals adsorption, thus the K, values are
lower. It deceases with time because as more leachate passes through the column soil the

adsorption of the heavy metals is reduced due to the saturation of the clay surface area.
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(a) Kd Profiles for Pb in Kaolinite
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(a) Kd Profiles for Zn in Kaolinite
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5.5.5 pH Profiles

The pH of the soil solution was measured at each pore volume, after which the
recovered soil was sectioned into 10 slices and each slice was mixed with distilled water at
a ratio of - and then allowed to reach equilibrium after being placed in a shaker. The pH
profiles are illustrated in Figures 5.13 and 5.14. As shown, the pH of the soil solution varies
with time and space. The pH is low at the top of the soil column due to the use of the acidic
leachate and it increases with the depth and decreases as the more pore volumes of permeant
passes through the clay. The kaolinite, which has a very low CEC and SSA, and does not
have any significant amount of soil constituent, apparent from its clay mineral, resuits in the
lowest pH values and least resistant to acidic input solution compared to three other soils.
The addition of solutions with pH values below zero point of charge (ZPC) could result in
the situation where the soil tends to deprotonate or surrender H™ from its edges, thereby
resulting in a reduction of the soil solution pH. Kaolinite has variable charge at the different
pH levels with ZPC of 4.2 (Ohtsubo, 1994). The resulted pH is higher for lead than zinc in
all types of the sails.

In the case of a kaolinite mixture with silica gel (KS), the clay soil has a very high
CEC value and a pH of 6.2 has higher buffer capacity for the input solution at lower pH
values. This is because silica gel has a ZPC of 2.1 (Fein, 1994). The KC soil, which has the
highest carbonate content, results in the highest buffer capacity to the acidic input solution.
The pH of the soil solution decreased with increase of leachate transport in the column. As
shown in Figures 5.13¢, 5.13d, 5.14¢ and 5.14d, the pH of the carbonate soil (KC, KSC)
remains constant at least for the range of the experiment. The pH will be close to the pii
of the leachate solution for large pore volumes of the effluent. Since the measured
distribution coefficient, K4, in the batch equilibrium test is based on constant pH, it will not

represent the actual K, in the compacted ciay barmer.
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(a) pH Profiles for Zn in Kaolinite

O . -
d -
- LS
.
.,
10 ¢ ";__
(R}
s
ot |-
= )
s :-
=w -
53 T
o -
“ .-
(]
0 &
P .
RE 3 32 34 36 38
pH
Calculated pH Profiles for Zn in KC
o =
- - - - -
~.a L.
"%
4
’
20+ ,
g | f
= wl
= 4
o f
o ¢
i T
?
o - 3
a) 1 ) ] ]
2 3 4 5 6 7
pH

3
<

H

U]

1PV
3PV

PV

Depth (mm)

Depth (mm)

(b) pH Profiles for Zn in KS

5.153

Fig. 5.14 pH Profiles of Zn for Different Clay Soils.

0 g 1PV
1 ‘e -—
Lte, - 3PV
10 S @ -
N PV
AN [ )
A
20 - o
\ "
N,
\ -
- o«
Loy
LW
w0 - ‘}
- ‘.‘
! &
s0 o
I
" , ; ‘
2s 3 3 2 1% s SS & &S
pH
(d) pH Profiles for Zn in KSC
0 N 1PV
“-g-‘ 3{1\
o |- . =
‘ Y
’
20 F ’
4
'
30 |- ’
{
!
0 [ ,
f
0l é
0 ] " ] 1 [l
2 3 4 s 6 7 8
pH



D
—
un
b

Column Test Results for Artificial Soil

5.6 Model Calibration

The above experimental results were used for the calibration of the proposed model.
Most of the existing transport models assume that the calculated diffusion coefficients
represent average values throughout the length of the soil column, for the vanious individual
contaminant consttuents. Also, as was indicated in the introduction, existng contaminant
transport models. are based on an adsorption isotherm where physico-chemical interactions
are different from the adsorption of the contaminant in the compacted clay. If one
recognizes that the interactions established between the contaminant and the soil cause
continuous alteraton in the ransmissibility characteristics of the soil, the procedure which
uses the constant diffusion coefficient can only provide average values since the values of C
are obtained at the outlet end of the test sample. These values can be used with some
certainty for cations such as Na and Ca which may reach their breakthrough concentratdons
at few pore volumes. However, for heavy metals which mostly will be retained in the clay
these values are not applicable. Thus, whereas a representative diffusion coefficient should
be calculated for individual layers in the soil coiumn, and for each pore volume passage of
effluent, so long as only outlet values of concentration are the only set of values obrained,
we cannot calculate the different values of D with depth (length of the soil sample) and with
the number of pore volumes of passage of leachate.

To compute the transport parameter, considering the adsorption effect, for the
transient state, which is the case of heavy metals transport, and to calibrate the COSTCHESP
model, a computer code called Parameter Estmation Technique (PET) has been developed
(Appendix G). The program uses two main procedures to compute the unknown material
parameters a, b and kg, . The first step is to set the initial condition, i.e. initial concentratons,
and compute the predicted concentration profiles at a new time step, through the
COSTCHESP program based on the initial guess value of material parameters. The second
step is to keep revising the material parameters until the difference between experimental and
theoretical concentration profiles is minimized (Devlin, 1994). In the program, the correlation

coefficient, R, which indicates the relationship between measured and calculated
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concentration profiles, is computed through the following equation:

n

Z [CEq; _CCal']z
R= 1- =1

\J ,Z=1: [Cexp —C4ve.]2

where C,,. is an average of the measured concentration at each node for each pore velume.
The PET program was used for the calculation of the diffusion parameter between 1PV and
3PV. The resulting diffusion and chemico-osmotic coefficients for lead and zinc for all types
of clay soils (K, KS, KC, KSC) are tabulated in Table 5.1 and the calibrated results for the
migration profiles of lead and zinc and the calculated diffusion coefficient profiles into
kaolinite and kaolinite mixtures are shown in Figures 5.15a-d, 5.16a-d, 5.17a-d and 5.18a-d,
respectively. The experimental results of total lead and zinc profiles for the first and third
pore volumes were used for the calibration of the model. As shown, the diffusion coefficient
is a function of time and space and dependent on soil constituents and its adsorption
properties. The diffusion coefficientis maximum at the top of the column and minimum at
the bottom. The diffusion coefficient is maximum for the kaolinite due to its low adsorption
and the high hydraulic conductivity. The diffusion is lowest for KC due to its high adsorption
properties. It was also shown that the diffusion coefficient increases with time and it reaches
steady state. This means that diffusion coefficient may be assumed as a constant parameter
for high pore volumes of the effluent, the condition which is not applicable to heavy metals

transport.



‘ Column Test Results for Artificial Soil 5.156

Table 5.1 Resulting Diffusion and Chemico-Osmotic Coefficients from PET

Program.

Seil Type Ion a(ecm?/day) b (Vmmol) K, (cm®/g/day)
Kaolinite Pb* 0.1122 1819.16 -10.171
Kaolinite Zn™ 0.0810 1961.71 -8.89

KS Pb* 0.1025 1411.26 -8.81

KS Zn*" 0.1325 1641.22 -8.18

KC Pb*" 0.1245 1376.17 -8.28

KC Zn*™" 0.1323 1514.11 -8.02

KSC Pb*" 0.3251 1435.13 -8.82

KSC Zn* 0.0810 1996.11 -8.12
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5.7 Heavy Metals Prediction

To simulate the above experimental condition by the COSTCHESP, leachate
consttuent concentration for each component was specified in the CHESP. CEC and SSA
were also chosen as the input of the CHESP. The adsorbed parameters were initially
computed from the adsorption isotherm in the batch equilibrium test and then calibrated with
column leaching test experiments. To simulate the leachate pH by the model as specified in
the experiment, an initial concentration of 0.001 moi/L of hydrogen ion, representing a pH
of 3.0 of the influent solution, is considered. For the solid part, an initial concentration of
0.1152 mol/L of kaolinite. 0.03 mol/L of SiO, and 0.05 mol/L of CO Ca were assumed for
each layer of soil (5 layer).

The COST inputs are basically, coefficient of permeability, depth of the clay liner,
depth step and tme step, and diffusion parameters. The boundary condition including the
hydraulic head, iniunal total concentration of each component and background concentrations
of each component along the soil column could be easily defined. It is clear that the
background concentration of the heavy metals and other components except caicium,
aluminium and silicic acid, and carbonate are zero. The background concentrations of the
calcium, silicic acid and carbonate could be specified, or as a zero when it is specified in the
solid part (Allisson er al., 1993). The typical computer input for leaching lead or zinc in
different clay soils can be found in Appendix D.

Using the above calculated transport parameters, long term total lead and zinc
transported, migrated (dissolved), adsorbed, or precipitated profiles and their partitioning
coefficient and pH profiles into different clay soils (K, KS, KC, KSC) were predicted by the
COSTCHESP program and are demonstrated in Figures 5.19a-d to 5.30a-d, respectively.
The results of precipitation profiles, illustrated in Figures 5.25b-d for lead into KS, KC and
KSC soil, indicate that lead was not precipitated in kaolinite soil due to its low pH. Pure
kaolinite also does not have any minerals which contribute to the precipitation of lead. The
same reason could be true for the Zn precipitated profiles shown in Figures 5.26¢- and 5.26d
for KC and KSC soil. Also, Zn has higher solubility at higher pH than the lead.

It is not possible to compute either the adsorption or precipitation profiles from the
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K, approach. As shown in Figures 5.19 and 5.20, zinc appeared after the second pore
volumes and lead after the third pore volume of passage of leachate in the effluent for
kaolinite clay due to the low affinity of kaolinite for heavy metals retention. Whereas, for
kaolinite mixtures (KS, KC, KSC) very little Pb and a little Zn was adsorbed at the mid and
bottom of the column. Zinc appeared in KS clay after three pore volumes of output and after
5 pore volumes for KSC and KC. Lead appeared, in KS soil, after 7 pore volumes of effluent
and for KSC and KSC after 9 pore volumes. The equivalent K; was calculated by the
program and as shown in Figures 5.27 and 5.28, demonstrates the variaton of Ky with time
and space. As can be seen from the K, profiles, it decreases with time as more leachate is
passed through the column soil. When soil will not adsorb any more lead or zinc, the
partitioning coefficient will be equal to zero. From the results of the pH profiles shown in
Figures 5.29 and 5.30, it may be concluded that the pH of the soil varies with time and space.
The pH decreases as the pore volumes pass through the column and is lowest at the top
part of the soil and highest at the bottom of the column. The pH of the soil column will reach
to the influent pH when the soil buffer capacity is zero or there is no resistance from the soil
to acidic pH.

Using the K, approach for the prediction of the heavy metals provides only the
migration profiles, based on the batch equilibrium test at constant pH which is not the case
in column leaching with variable pH. Figures 5.31a-d and Figure 5.32a-d demonstrate the
predicted results of lead and zinc in different clay soils using average K, values computed
through the compacted clay soils. Higher or lower K, values provide under or over esumates
of the predicted results of lead and zinc concentrations. Nevertheless, using the average K,
values computed through the column test may yield more reasonabie values than isotherms
constructed with soil suspensions. The present results raise some very interesting points about

the widespread use of constant partitioning coefficients.
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(a) Pb Adsorption Profiles in Kaolinite (b) Pb Adsorbed Profiles in KS Soil
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(a) Calculated pH Profiles for Pb in Kaolinite
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5.8 Heavy Metals Speciation

Speciation analysis of an element in a water sample has been defined as, the
determination of the concentrations of the different chemical forms of the element which
together make up its total concentration in the sample. For a metal ion it is well known that
the individual chemical forms inciude; dissolved forms, such as simple inorganic complexes,
including the aquacomplex or free metal ion, organic complexes, and elements adsorbed on
the inorganic fraction of the soii. The total concentration of these metals is not the most
important point when it comes to understanding the metals' effect on the environment. The
key concept in this case is the speciation of the metal. Small changes in the speciation of a
trace metal, even at fixed total concentration, can strongly modify its toxicity and its over-ail
mobility in an aquatic system. Most studies on the toxicity of heavy metals towards aquatic
life have shown that usually free (hydrated) metal ions are the most toxic forms. The direct
measurement of each one of these forms, in general, is very difficult if not impossible. The
COSTCHEMCLAY provides a good estimation of the forms of the heavy metals which are
released to the groundwater. Typical results of the all components in the soiution and all
speciation forms of the components for leaching lead solution in Kaolinite soil for the last
node along the column after 7 pore volumes is demonstrated in Table E1 to E4 in Appendix
E. Typical results of the all components in the solution and all speciation forms of the
components for leaching zinc solution in kaolinite and KSC soil for the last node along the
column after 7 pore volumes is demonstrated in Table E5 to E14 in Appendix E. As
illustrated in Table E10 some zinc was retained by the precipitation mechanism which is not
distinguishable experimentally from precipitation.The possible complex formation of zinc
with chloride, nitrate and hydroxides is also demonstrated in Table E10. The possible
precipitation of zinc is in hydroxide and carbonate forms. The precipitation depends on the
type of heavy metal, heavy metal concentration, pH of the solution, other contaminants in
solutdons (Yong et al., 1995). The possible complex formation of zinc with carbonate,

chlornide, and hydroxides is also demonstrated.
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5.9 Summary

The effect of the multi-component on the transport of heavy metals ( lead and zinc)
into different clay soils has been discussed in this chapter through the results of column
leaching tests, using kaolinite and kaolinite mixed with silica gel and calcium carbonate (K,
KS. KC, and KSC) as the soil material and a heavy metal solution (Pb or Zn) spiked with
NaCl as leachate. From the experimental results, it is evident that the amount of heavy metals
retained in each type of soil depends, not only on the other contaminants in the solution but
also. on the soil solution pH, CEC, SSA, soil constituents, and type of the heavy metal. It is
also concluded that a dissolved inorganic complexing agent could change the mobility of
heavy metals along the clay liner.

The partitioning coefficient was reduced from the bottom to the top of the column
and from low to high pore volumes. It is because the concentration of the complexing agent
increases and the migration of lead is less to the bottom than the top part of the soil. In other
words, the K,is time and space dependent, and it varies with the type of the soil. The model
was able to simulate both solute transport and geo-chemical reaction of heavy metals with
other contaminants and soil compositions in the clay barrier system. It also provides the
distribution of heavy metals concentration (adsorbed, precipitated, and dissolved ) along the
depth of clay liner.Using the K, approach for the prediction of the heavy metals provides only
the migration profiies, based on the batch equilibrium test at constant pH which is not the case
in column leaching with variable pH. The prediction results show good accord between the
values predicted and the values measured. It was also concluded that using an average
diffusion coefficient, as in most of the existing transport models, is not a good assumption
for the various individual contaminant constituents, regardless of soil composition and other
contaminants in solution.

The results confirm that the distribution coefficient (K,) is a function, not only of the
contaminant and a given material, but also of a given leachate chemistry and the
physicochemical-chemical properties of the soil liner material. Thus, the K, approach for the
prediction of pollutants such as heavy metals is not a proper approach for the design of clay

barrier systems.
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Chapter 6

COSTCHESP Simulation of a Natural Clay Barrier

6.1 General

In the previous chapter, the coupled solute transport of a single heavy metal at low
concentration, spiked with chloride in artificial soil, with different soil constituents was
simulated. The effect of chioride concentration and pH on the distribution coefficient in the
case of a batch equilibrium test for composite heavy metals at low and high concentrations
has been discussed in Chapter 4. It was shown that pH, chloride and heavy metals
concentrations contribute most to the retention of the heavy metals/distribution coefficient
in clay soil. It was also concluded that a high chloride concentration increases the mobility
of heavy metals. Whereas, at high pH, of the soil solution (above 6) the mobility is reduced
for high level concentrations of heavy metals, due to precipitation processes. In this
chapter, the multi-component ransport of heavy metals is simulated by COSTCHESP, using
a composite solution of heavy metals (lead and zinc) spiked with chlonde as a leachate and
natural clay as a barrier. The concentrations of chioride, lead and zinc are almost five, and

20 umes, respectively, higher than the previous cases for artificial soil.

6.2 Application

The experimental data used in this study was previously reported by Mohamed ez a/.
(1994). The soil was characterized as having moderately high specific surface areas of 90-206
m%g, low CEC of about 10-20 meq/100g, maximum dry densities of 1.83-1.84 Mg/m’, and

low permeabilities of 10 m/sec for the compacted samples.
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The leachate used was produced in an actual landfill site receiving only municipal solid

wastes. Since the initial heavy metal concentrations in the leachate were very low, leachate
was spiked with Pb*" and Zn*" to increase the heavy metal concentrations. The pH of the
reconstituted leachate was reduced to 1.33. The chemical compositions of the

reconsttuted leachate are as shown in Table 6.1.

Table 6.1 Input Chemical Compositions of the
Reconstituted Leachate (Mohamed et al., 1994)
L. ]

Na- 346 ppm Pb* 13722
K- 164.8 Zn* 1141.6
Mg™ 438 cr 5258.4
Ca™ 95.4 pH 1.33

The mineralogical analysis reveals that the soil contains 15% of carbonate and 21% of brucite
(MgO). Leaching was carried out under a constant applied air pressure of 12.0 or 15.0 psi,
I.e., equivalent to a water head of 8.4 or 10.6 m depending on the sample height. This resulted
in a similar hydraulic gradient of 97. During the leaching process, effluent was collected every
0.5 PV (pore voiume) and analysed. At the end of the | PV, 3 PV and 5 PV series, the soil
samples were extruded, cut into 10 mm thick slices, and analysed for pore fluids contents
(soluble ions) and exchangeable cations. Detailed analytical procedures were reported by

Mohamed et al. (1994).

6.2.1 Prediction
In the above mentioned case the experimental results were reported in terms of poi.
fluid concentration profiles instead of total component concentration. In the COSTCHESP
formulation the dependent variable was changed from total component concentration to total
aqueous component concentration. In this case iterations between COST and CHESP
continue until the difference between two consecutive total aqueous concentrations converges
to the tolerance value, as shown in Figure 6.1. To simulate the above experimental condition

by the COSTCHESP, leachate constituent concentration for each component was specified
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in the chemical equlibrium speciation program. CEC and SSA were also chosen as the input
of the CHESP. The adsorbed parameters were initially computed from the adsorption

isotherm in the batch equilibrium test and then calibrated with column leaching test

experiments. To simulate the leachate pH by the model, as specified in the experiment, an

initial concentration of 0.0467 mol/L of hydrogen ion, representing a pH of 1.33 of the

influent solution, is considered. For the solid part, an initial concentration of 1.52 mol/L of

MgO and 1.15 mole/L of CO’Ca were assumed for each layer of soil (10 layers).
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Figure 6.1 COSTCHESP for Predicting Total Aqueous Concentrations.
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The input of the CHESP which was produced by PRECHESP program is
demonstrated in Section D.2.in Appendix D. As shown, all possible adsorption of the cations
in the leachate solution on clay soil were simulated. SOPb~, SOPbOH, SOZn", SOPb,
SOZnOH, SOK, SONa,...represents adsorbed species for the simulation. The COST inputs
are basically, coefficient of permeability (0.0148 cm/day), depth of the clay liner (120 mm),
depth step (10 mm), time step (0.1 day), required times for 1 PV (2.45 days), 2PV (5.0
days), 3 PV (7.79 days), 5 PV (18.25 days) and transport parameters (diffusion coefficient

and chemico-osmotic coefficient). The transport parameters are determined by the parameter

estimation technique (PET) as described in section 5.6. The program uses two main
procedures to compute the unknown material parameters a, b and k_, . The first step is to
set the initial condition, i.e. initial concentrations, and compute the predicted concentration
profiles at a new time step, through the COST program based on the initial guess value of
material parameters. The second step is to keep revising the material parameters untl the
differencebetween experimental and theoretical concentration profiles is minimized. The PET
program was used for the calculation of the diffusion parameter between PV and 3PV. The
resulted diffusion and chemico-osmotic coefficients for lead and zinc for all types of clay sotls
(K, KS, KC, KSC) are tabulated in Tabie 5.1 using the total aquoues concentration The
boundary conditions including the hydraulic head (1060 cm), initial total concentrations and
background concentrations of each component along the soil column can be easily defined.
It is clear that the background concentration of heavy metals and other components, except
calcium, magnesium, and carbonate are zero. The background concentrations of calcium,
magnesium and carbonate can be specified based on the effluent concentrations. The initial
concentrations of all components are the same as specified in the leachate solution, shown .
Table 6.1.

The PET program was used to calculate the diffusion parameter between 1PV and
3PV and then the computed diffusion parameters were used for the prediction of migration,
adsorption, precipitation, pH of the soil solution and K, profiles from the COSTCHESP
model for higher pore volumes of effluent. The resulting diffusion and chemico-osmotic

coefficients for lead, zinc and chloride are shown in Table 6.2.
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Table 6.2 Resulting Diffusion and Chemico-Osmotic
Coefficients from PET Program.

Ion A (cm’/day) B (L/mol) K, (cm®/g/day)

Pb>* 0325 141.26 -6.81
Zn* 0323 154.11 -6.82
Ccr 7.1 0.0 -0.1

6.3 Cl Migration Profiles

Using COSTCHESP the calculated diffusion coefficient, migration, and precipitation
profiles of Cl ions and their breakthrough curves are shown in Figures 6.2a, 6.2b, 6.2c and
6.2d. The chiornde ion is considered to be a very mobile and non-interacting anion
(conservative contaminant). As is shown, Cl ions were not adsorbed along the soil column
and increased as more permeant passed through the soil, reaching the breakthrough curve
at 3PV of influent. Since the concentratons of Cl” in the leachate were significant (5258.4
ppm) some of chloride ions were precipitated as CI°Pb along the soil column. The
precipitated chloride decreases with depth and increases with time and most of the chlonde
was precipitated at the top of the column soil. This is due to the increase in total chionde
concentrations with time There is good agreement between the predicted and experimental
results. The breakthrough curves for chloride are less than unity due to the precipitation of
Cl ions in soil column.

From the computed diffusion profiles for chloride, shown in Figure 6.2d, it may
concluded that even for chloride ions which are very mobile, the diffusion coefficient is not
a constant parameter. It varies with time and space but does reach its steady state very fast.
The computed diffusion for chioride ions at steady state are almost the same as reported in
the literature. Yong and Warith (1990) computed the chloride diffusion equal to 0.33
(cm*day) using a finite difference method from experimental results of column leaching tests
with a gradient of 25. Mohamed et al. (1994) calculated the diffusion coefficient of 7.53
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using a square root method from column leaching. The difference in the calculated diffusion
parameters is due to the difference in hydraulic gradient and chloride concentrations.

It should also be noted that the precipitated chloride concentration profiles shown in

Fig. 6.2d, could not be measured by the experiment (Yong and MacDonald, 1997).



COSTCHESP Simulation of a Natural Soil

Depth (mm)

CICe

(a) CI Diffusion Profiles in Natural Clay

6.158

(b) Cl Migration Profiles in Natural Clay

[} , R
o i
BV o
0 [S3 2+ ®
5PV T v
jL ® Z
w0 PV
w0 ~+- o
+ S wl
L] - ~ ]
L =
= S s
s 3
80 |- T— }
- " 100 |-
- {
i - —+- ol
T 10 |
.J %
120 i d 130 . ‘ ) i
0 : 3 6 8 lo 0 1000 2000 3000 4000 5000 6000
Concentrations (mg/1) Concentrations (mg/1)
c) Cl Break . )
) through Curve (d) CI Precipitation Profiles in Natural Clay
o,
: 1 Y 1Y
i -
| 3pv
02 3 —
= 10 -
PV
@
03 :
i =%
i S
46 ~
=30
5
08 (o)
20
1
S0
}
12 . , .
5 !: l3 !4 LS 6 60 . ] ] . 3 3 . !
0 20 0 6 8 100 120 140 160

Pore Volumes
ore Yo Concentrations (mg/1)

Fig. 6.2 Chloride Diffusion, Migration, Precipitation Profiles and
its Breakthrough Curves Natural Clay.



COSTCHESP Simulation of a Natural Soil 6.189
6.4 Pb and Zn Migration Profiles

As mentioned above, the diffusion parameters computed from the PET program were

used for the prediction profiles of heavy metals. The computed diffusion coefficient profiles
for lead and zinc and their related calibration curves are shown in Fig. 6.3a-d.The
experimental results of pH vanations with depth after 1PV show that dissolution of calcite
and hydroxide forming from the brucite (MgO) cause significant changes in solution pH (pH
5.4 at the top and 7. for the remainder of the soil column).

The predicted results for 1PV, 3PV and 5PV migration profiles of lead and zinc,
computed from the COSTCHESP are shown in Figures 6.4a and 6.4b for Pb and Zn,
respectively. As these figures show, very little Pb*” or Zn*" is collected in the effluent
leaching, indicating that Pb*" and Zn*>* were retained by the soil. The dissolved (pore fluid)
concentrations of Pb*” and Zn*" have increased with PV through the soil column as shown in
Figures 6.4a and 6.4b. Similar results are obtained for Zn*" migration through the soil column
except that the rate of movement of Zn™" is higher than that for Pb*". Using the K, approach
for the prediction of the heavy metals provides only the migration profiles, based on the batch
equilibrium test at constant pH which is not the case in column leaching with variable pH.
Figures 6.4c and Figure 6.4d demonstrate the difference between the predicted results of the
lead and zinc concentrations using K, approach with the experimental results. Using higher
or lower K, values provide under or over estimates the predicted results of lead and zinc
concentrations. However, using the average K, values computed through the column test may
vield more reasonable values than isotherm constructed with soil suspensions. The present
results raise some very interesting points about the widespread use of constant partiioning
coefficient through batch equilibrium tests. The COSTCHESP has the capability of
investigating the partitioning of the heavy metals along the depth of clay liner at different pore

volumes.
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6.4.1 Pb and Zn Adsorption Profiles

The predicted results of lead and zinc adsorption profiles are plotted in Figures 6.5a
and 6.5b, regarding adsorbed concentration versus depth for various leachate PVs. The
retention of Pb and Zn may be explained by precipitation, and adsorption. The experimental
adsorption profiles show that 65% of Pb and 55% of Zn were retained in the top part of
(approximately 15 mm) the soil. No Pb®" and very little Zn** were adsorbed at the bottom
of the soil column until 3PV of leachate was collected. The concentrations of Pb*" and Zn*’
adsorbed increased with PV through the soil column as a function of leachate PV.

As more leachate passes through the column the adsorption decreases at the top of
the column and increases at the bottom due to low soil solution pH at the top and high soil
solution pH at the bottom. Both metals continued to adsorb through the soil column until
the available site was occupied by the cations, then the adsorption rate decreased and
desorption of the heavy metals began. This phenomenon may start after 5 pore volumes or
more, depending on the type of soil, its CEC and SSA and the type and concentration of the
heavy metals or other components in the solution.

The fact that zinc was detected earlier than lead in the leachate collected indicates
that Zn*" is less adsorbed than the Pb " This agrees with previous findings of several authors
including Farrah and Pickering (1979); , Yong et al. (1993), Mohamed et al, 1994 and
Martell and Hancock (1996). This can be attributed to the difference in the hydrated radii of
Pb*" and Zn *'cations near the clay surface. This situation confirms the observation concerning
the exchange mechanism of cations of equal charge as generally inversely proportional to the
hydrated radii or proportional to the unhydrated radii of cations (Yong et al., 1992b). If one
predicts the order of soil retention based on the unhydrated radii, one obtains a preference
adsorption of Pb¥, i.e., adsorption of Pb** (0.12 nm)> Zn*" (0.074 nm) as indicated in the
previous chapter, which agrees generally with the experimental results.Macroscopically, the
tendency of an ion to be sorbed depends on its concentration in the aqueous phase, relative
to the concentrations of other sorbable ions, the selectivity of the sorptive substrate for an ion
relative to the other ions, and the number of sites on the sorptive substrate (Miller and

Benson, 1983 ). Given similar concentrations of sorbable ions in the aqueous phase, the
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selectivity of Pb*" is higher than the selectivity of Zn >*. According to the hard-soft acid base

theory, the predicted preferential adsorption regarding metal ion softness is Pb*" (3.58) >Zn*"

(2.34), which agrees with experimental results. Metal ion softness is a function of the

ionization potential charge of the metal ion and the ionic radius (Mohamed er al., 1994). It

also should be noted that it is not possible to predict the adsorbed profiles of contaminant

through the K, approach.
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6.4.2 Pb and Zn Precipitated Profiles

The predicted results of lead and zinc precipitated profiles are plotted in Figures 6.6a
6.6b, using precipitated concentrations versus depth for various leachate PVs. Since the
effluent pH remained close to the original soil pH (around 6.0) most of the heavy metals are
retained on the soil by precipitation (especially lead) rather than adsorption by soil which
cannot be distinguished from the experimental results (Yong and McDonald, 1997). Figures
6.6a and 6.6b also show that lead precipitated more than the zinc since lead begins to
precipitate at lower pH and lead has lower solubility than the zinc at equal concentrations.
Pb*" precipitates as hydroxide (PbOH,), carbonate (PbCO,) and C] Pb.Using the K
approach for the prediction of contaminant transport purposes, it may not be possible to
compute the precipitation profiles of the contaminant. Higher attention of both heavy metals
by the soil could decrease the hydraulic conductivity of the clay soil due to precipitation of

heavy metals and closure of the pores as indicated by Sposito (1984).

(a) Pb Precipitation Profiles in Natural Clay (b) Zn Precipitation Profiles in Natural Clay
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Fig 6.6 Predicted Heavy Metals Precipitation Profiles in Natural Clay.
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6.5 pH Profiles

The predicted pH variation versus depth for various leachate PVs is shown in Figure
6.7. As shown, the pH of the soil is the least at the top of the soil column and decreases as
more solution passes through the column soil. This is because the permeant is an acidic
solution with a pH of 1.33, which is lower than the pH of the soil column used in the
experiment. The resulting high pH value of soil solution along the column is due to the
dissolution of calcite and hydroxide forming from the brucite (MgO), causing significant
changes in solution pH (pH 5.4 at the top and above 6. for the remainder of the soil column)
The acidic permeant causes the reduction in the soil pH. It becomes close to the permeant
solution after long period of times. These results can cast doubt on the validity of K,

determined through the batch equilibrium test since it is often computed at constant pH.

pH Profiles in Natural Clav
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-
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Fig 6.7 Predicted pH of the Soil Solution Profiles in Natural Clay.
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6.6 K, Profiles
The predicted K, profiles are plotted in Figures 6.8a and 6.8b, using the partitioning

coefficient versus depth for various leachate PVs. As shown, the partitioning coefficient, K,
varies with time and space. It increases with depth because less soluble heavy metals were
transported through the depth of the column soil. With increasing time of leaching, or as
more pore volume of the leachate passes through the soil, K, decreases. The K, values of
lead are more than the zinc's. These results also indicate the K, values in the column test are
always less than in the batch equilibrium test. This is because the batch results are based on
soil suspension in a soil solution ratio of 1/10 which results in a higher surface area exposed
to heavy metals. While in the column test, the physico-chemical interaction of the leachate
with compacted soil is far different. The K, value for kaolinite is the least when compared

to the three other soil materials.
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Fig 6.8 Predicted Heavy Metals Kd Profiles in Natural Clay.
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6.7 Heavy Metals Speciation

The COSTCHESP provides a good estimation of the forms of the heavy metals which
are released to the groundwater. For lead and zinc and all other metals metal ions it is well
known that the individual chemical forms include; dissolved forms, such as simple inorganic
complexes, including the aquacomplex or free metal ion, organic complexes, and elements
adsorbed on the inorganic fraction of the soil. The total concentration of these metals is not
the most important point when it comes to understanding the metals' effect on the
environment. The key concept in this case is the speciation of the metal. Small changes in the
speciation of a heavy metal, even at fixed total concentration, can strongly modify its toxicity
and its over-all mobility in an aquatic system. Most studies on the toxicity of heavy metals
towards aquatic life have shown that usually free (hydrated) metal ions are the most toxic
forms. The direct measurement of each one of the these forms, in general, is very difficult if
not impossible. Typical results of the all components in the solution and all speciation forms
of the components for the last node along the column after 5 pore volumes is demonstrated
in Appendix E.2.1. As illustrated, most of the lead and zinc were retained by the
precipitation mechanism, in the forms of hydroxides, chloride or carbonate, which are not
distinguishable experimentally from adsorption. The details of speciation results for the last
node at five pore volumes of effluent and the computer output and input can be found in

Appendix E.2 and Appendix D.2, respectively.
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6.8 Summary

In this chapter, the multi-component transport of heavy metals in natural soil was
simulated by COSTCHESP. From the results of adsorbed or partitioning coefficient
profiles, it is evident that the amount of heavy metals retained depends not only on the other
contaminants in the solution but also, on the soil solution pH, soil constituents, and type of
the heavy metal. It is also concluded that a inorganic ligand could change the mobility of
heavy metals along the clay liner.

The parttioning coefficient was reduced from the bottom to the top of the column
and from low to high pore volumes. It is because the concentration of the complexing agent
increases and the migration of lead is less to the bottom than the top part of the soil. In other
words, the K;is time and space dependent. The model was able to simulate both solute
transport and geo-chemical reaction of heavy metals with other contaminants and soil
compositions in the clay barrier system. It predicts the distribution of heavy meztais
concentration (adsorbed, precipitated, and dissolved ) along the depth of clay liner with
ume.The prediction resuits show good accord between the values predicted and the values
measured. It was also concluded that using an average diffusion coefficient, used in most of
the existng transport models, is not a good assumption for the various individual
contaminant constituents, regardless of soil composition and other contaminants in solution.

The results confirm that the distribution coefficient (K,) is a function, not only of the
contaminant and a given material, but also of a given leachate chemistry and the
physicochemical-chemical properties of the soil liner matenial. Thus, the K, approach for the
prediction of pollutants such as heavy metals is not a proper approach for the design of clay
barrier systems. It was shown that attenuation of both heavy metals (lead and zinc) and
especially lead was governed by precipitation which could not be predicted by traditional
approachs or may not be distinguished from adsorption in the experiment. The results
indicated that both K, and diffusion coefficient are space and ime dependent and may not be
assumed as a constant parameter. These results can also cast doubt on the validity of K,

determined through batch equilibrium test since it often computed at constant pH.



COSTCHESP Simulation of a Natural Soil 6.199

References:
Allison, J. D., Brown S.D_, Gradac, (1993), * MINTEQAZ2, A Geochemical Assessment
Model for Environmental Systems, Version 3., User's Manual”, U.S. Environmental

Protection Agency Athens, Georgia.

Farrah, H. and Pickering, W. F. (1979), “pH Effects in the Adsorption of Heavy Metal [on
by Clays”, Chem. Geol. Vol. 25 pp. 317-329.

Kallur, V.G, Haug, M.D_, and Barbour S.L., (1995), “ Effects of Hydraulic Gradient on Pore
Fluid Chemistry”, Geoenvironment 2000, Geotechnical Special Publication No. 46, Edited
by Yacin B. Acar and David E. Daniel.

Martell, A. E.,, and Hancock R. D., (1996), “Metal Complexes in Aqueous Solutions”, Texas
A& M University.

Miller C.W ., Benson, L.V., (1983), “Simulation of Solute Transport in a Chemically

Reactive Heterogeneous System”, Water Resources Research, Vol. 19 No. 2 pp 381-391.
Mohamed, AM.O, Yong, RN. Boon K. Frakas A. and Curtis W. (1994),
“Geoenvironmental Assessment of a Micaceous Soil for Its Potential Use as an Engineered
Clay Barrier”, Geotechnical Testing Journal, ASTM, Sep. 1994, pp. 291-304.

Sposito, G., (1984), “The Surface Chemistry of Soils™, Oxford University Press, New York.

Yong, R.N., MacDonald, E.M., (1997), “Influence of pH, Metal Concentration, and Soil
Component Removal on Retention of Pb and Cu by Illitic Soil”, Sorption of Metals by Earth
Matenals, Edited by E.A. Jenne, Academic Press.

Yong, Raymond N, Galvez-Cloutier, Rosa, Chan, Jeannete (1995), “Partitioning of Heavy



COSTCHESP Simulation of a Natural Soil 6.200
Metals in Contaminated Sediments: A case study”, Geotechnical Special Publication. n 46/1

1995. ASCE, New York, NY, USA. pp 28-42.

Yong, R.N., Mohamed A., and Warkentin, B _, (1992). “Principles of Contaminant Transport

in Soils”, Elsevier Publications.

Yong, R. N, and Warith, M., (1990), “Contaminant Migration Effect on Dispersion
Coefficients”, Physico-Chemical Aspects of Soil and Related Material, ASTM STP 1095,
K.B. Hoddinott and R. O. Lamb, Eds., ASTM, Philadelphia, pp 69-80.



~
[N}
[
-~

Adsorption of Heavy Metals with EDTA

Chapter 7

Adsorption of Heavy Metals with EDTA

7.1 General

The effect of an acidic heavy metals solution spiked with a inorganic complexing agent
on the migration and immobilization of heavy metals using different clay soils has already
been discussed. As shown, in the batch equilibrium test, the retention or immobilization of
heavy metals can be significantly affected when an acidic heavy metals solution spiked with
an organic complexing agent such as EDTA (ethyleneediaminetetraacetic acid) is used. This
chapter presents the experimental results of the migration and distribution of lead into
different clay soils, using the column leaching test, and then the long term migration of heavy

metals is predicted by COSTCHESP through calibration with experimental results.

7.2 The Effect of Complexing Ligand on the Mobility of Heavy Metals

The effectiveness of complexing ligands depends not only on the choice of the
chelating agent used, but aiso on the stability and absorbability of the complexes formed and
on the pH of the system (Castellan, 1996). The control parameters applied in an application
would be, the type and concentration of the complexing agent, the presence of other cations,
and the pH of the system. EDTA has been justified by many researchers ( Raghavan etz al.,
1989; Mohamed and Trasente, 1996) as a complexing agent and was used in this study to
investagate how EDTA affects the mobility of the heavy metals in different clay soils. EDTA
has a relatively low solubility in water, therefore, it is usually used in an aqueous solution in
the form of its disodium salt, Na-EDTA. The molecular weight of Na-EDTA is 452.21 g, and
it has a solubility of 10.8g in 100 cm*at 22°C. Trasente’s (1995) research indicated that
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EDTA at a pH level of 4.50 and 2 minimum concentration of 0.01 mol/L had the maximum
effectiveness for removal of heavy metals from clay soil in the batch equilibrium test. Thus,
lead as a heavy metal with a concentration of Immol/L spiked with EDTA at a concentration
of 0.01 mol/L and pH level of 4.5 was used as a leachate in the column leaching test. EDTA
is available in two forms: H,Y Na,H,Y x 2H,0, or Na,H,Y x 2H,O. The notation Y refers
to the fully deprotonated form of EDTA. Since the tetra sodium form is most soluble in
water, this form of EDTA was chosen for this study. The initial pH of the EDTA at a

concentration of 0.1 mol/L is 10.75. The pH of the samples was reduced by adding nitric acid.

7.2.1 Kaolinite Resuits

The experimental resuits of the total lead concentration profiles, measured by the
acid digestion method as described in Chapter 5, and EDTA concentration profiles and their
breakthrough curves are shown in the Figures 7.1a-d, respectively. The dissolved (pore fluid
concentration) and adsorbed lead concentration profiles, pH profiles and the computed
partitioning coefficient protiles, K, , are also shown in Figure 7.2a-d.

The ransport of lead has also been shown to be a complex function of the presence
of other components in the solution. In the presence of a conservative compiexing component
such as EDTA, the mobility or ransport of lead increased significantly (Peters and Shem,
1992). In the case of a lead solution spiked with chloride leached into kaolinite, the
appearance of lead in the effluent took 20 days. Whereas in the case using EDTA, lead
appeared after 6 days in the first pore volume of the effluent.

The adsorption of lead was decreased in the presence of EDTA as shown in the Figure
7.2b. The adsorption of lead is very ime dependent. At first pore volumes the concentration
of EDTA is still less than 0.01 mole/L which was used in the input solution. As the
concentration of the EDTA along the column soil extends to 0.01 the adsorption of lead into
the kaolinite clay is diminished due to the formation of the complex form of lead with EDTA.
The results of K4 profiles, shown in Figure 7.2¢, suggest that the K yalues decrease with ime
due to lower adsorption and higher pore fluid concentration of lead, and it was reached to

steady state condition at five pore volumes of effluent. As demonstrated, the presence of
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EDTA affects the distribution coefficient resuits, K,, which are time and space dependent.
The distribution coefficient is also a function of EDTA concentrations which are not constant
during the transient state in the column leaching test or actual landfill site. The computed
distribution coefficient, K, can have an important effect on the uncertainty associated with

the modelling results.
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(a) Total Pb Profiles with EDTA in Kaolinite

(b) Total EDTA Profiles in Kaolinite
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(a) Pb Dissolved Profiles with EDTA in Kaolinite
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7.2.2 Kaolinite Mixtures

The experimental results of the total lead transported. migrated. adsorbed, and the
computed K, profiles for KS, KC and KSC clay soils are shown in Figure 7.3a-d, 7.4a-d and
7.5a-d, respectively.

As shown in the previous chapters, in the kaolinite mixtures leached with lead. spiked
with chloride, the appearance of the lead in the effluent took many days. It was 60 days for
KS in the seventh pore volumes of effluent. In the case of the KC or KSC, lead spiked with
chloride did not migrate to the effluent untii up to 9 pore volumes of the effluent due to the
precipitation of lead in the form of Pb (OH)? or PbCO; . Whereas, as shown in the Figure
7.3a, 7.4aand 7.5a, using EDTA with lead solution (with the kaolinite mixture, even for KSC
for KC) speeded up the migration of the lead and it was observed that in both cases lead
appeared in the effluent at the first pore volume. As shown, there is no evidence of lead
which was precipitated due to the complexation of lead with EDTA, and littie lead was
adsorbed compared to the previous case using lead solution spiked with chloride as the
permeant. This conclusion may also be drawn from the results of K, profiles, shown in Figure
7.3d, 7.4d and 7.5d due to low K, compared to the previous cases using chloride with lead

solution.
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(a) Total Pb Profiles with EDTA in KS Clay
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(a) Total Pb Profiles with EDTA in KC Clay
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(a) Total Pb Profiles with EDTA in KSC
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7.3 Heavy Metal Prediction

To simulate the above experiment by the proposed model (COSTCHESP), the
concentration of all components in the leachate were specified in the CHESP model! as the
total aqueous concentration for each component. The concentration of the kaolinite, silica gel
and calcium carbonate, depending of the clay mineral components (K, KS, KC, KSC), was
specified as the solids in g/L.. The concentration should match with the number of space step.
In other words, the solids were specified for one space step. For all simulations, the physico-
geochemical parameters were specified depending on the soil type with the exception of
hydraulic head and total aqueous concentrations, which were held constant. The expenmental
results of total lead profiles for the firstand third pore volumes were used for the calibrating
of the model and to calculate the diffusion coefficient for lead into different clay soils. The
resulting parameters are tabulated in Table 7.1 and the computed diffusion coefficients into
Kaolinite and kaolinite mixtures (KS, KC, KSC) are shown in Figures 7.6a-d, respectively.
As shown. the diffusion coefficientis a function of ime and space and is dependent on the soil
consttuent and its adsorption properties. The diffusion coefficient is maximum at the top of
the column and minimum at the bottom. The diffusion coefficient is the highest in kaolinite
due to the low adsorption and high coefficient of hydraulic conductivity of the kaolinite
compared to the three other cases. The diffusion is lowest for KS due to the its high
adsorption propertes. [t was also shown that the diffusion coefficient increases with time
and it reaches to steady state. Another indication of the high mobility of lead spiked with
EDTA is the results of diffusion coefficients as shown in Figure 7.6a-d. As these graphs show
lead diffusion coefficients, in all cases, are much more than those of the previous case for the
permeation of lead spiked with chloride. As shown, the diffusion coefficients vary with depth
and ume, lead migraton from transient state to steady state is fast, and breakthrough curves
of lead can be seen at low pore volumes of the effluent. This means that the diffusion
coefficient may be assumed as a constant parameter for few pore volumes of the effluent at
certain circumstances in which complexation ease the migration of cations. Using the above
calculated transport parameters, long term total lead transported, migrated (dissolved),
adsorbed, and partitioning coefficients into different clay soils (K, KS, KC, KSC) were
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predicted by the COSTCHESP program and are demonstrated in Figures 7.7a-d to 7.10a-d,
respectively. As shown, there is no evidence of lead which was precipitated due to the
complexation of fead with EDTA, and little lead was adsorbed compared to the previous
case of leaching lead solution with chloride. A sample of the speciation results in the last
node of the kaolinite soil column leached with lead spiked with EDTA for the species in
solution and other species is shown in Table 7.2 and Table 7.3. The details of the
complexation form of lead for the last node of kaolinite and kaolinite mixwres (KS, KC,

KSC) can be found in Table E1-E4 in Appendix E.

Table 7.1 Resulted Diffusion and Chemico-Osmotic Coefficients from PET

Program.
Seil Type Ion A (cm’/day) B (L/mol) K, (cm’/g/day)
Kaolinite Pb*" 0.325 1412.26 -9.81
KS Pb*" 0.1749 [217.16 -8.89
KC Pb*" 0.323 115411 -8.82
KSC Pb*" 0.1819 1271.18 -8.78

Table 7.2 All Species in Solution for the Last Node of a Kaolinite Soil Column Leached

2.050E-05
30 Al+3 1.103E-07 4.859E-08 -7.31343 44056 356
70 H4Si04 G.833E-05 9.849E-05 -4.00660 1.00171 -.001
192 NO3-1 2.00CE-03  1.826E-03 -2.73852 91295 .040
600 Pb+2 5921E-G8 4.113E-08 -7.38581 69467 .158
969 EDTA- 9.107E-14  2.121E-14 -13.67351 .23287 .633

ADSITYPl 5.992E+00
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Table 7.3 Other Species in Solution or Adsorbed in the Last Node of Kaolinite Soil Column.

Calc Mol

Gamma

New logk

3307700 H3S104 - 6.790E-10 6.199E-10 -9.20766 91295 -9.889
3307701 H25:04 -2 9.783E-17 6.796E-17 -16.16776 .69467 -21.438
303300 AIOH +2 3.821E-08 2.655E-08 -7.57600 69467 -4.832 J
303301 AI(OH)2Z + 1.205E-08 [.100E-08 -7.95858 91295 -10.060
303502 Al(OH)4 - 4.323E-12 3.947E-12 -11.40372 91293 -22.960
303303 AI(OH)3 AQ 7.381E-10 7.394E-10 -9.13115 1.00171 -16.001
6003300 PbOH + 4.690E-11 4.282E-11  -10.56838 91295 -7.670
6003301 Pb(OH)2 AQ 8.878E-16 8.893E-16 -15.05095 1.00171 -17.121 ll

I 6003302 Pb(OH)3 - 5.971E-22 S451E-22  -21.26355 91295 -28.020
6003303 Pb2OH +3 8.950E-17 3.943E-17 -16.40419 44056 -6.004
6004920 PbNO3 + 1.217E-09 LITIE-99 -8.95453 91295 1.210
6003504 Pb3(OH)4+2 1.073E-27 7.452E-28 -27.12771 .69467 -25.722
5003305 Pb(OH)M -2 9.619E-29 6.682E-29 -28.17510 69467 -39.541
6009692 PBHEDTA 8.561E-17 7.816E-17 -16.10704 91295 9.720
6009693 PBH2EDTA 5.064E-25 5.073E-25 -24.29477 1.00171 6.219
6009691 PBEDTA 9.526E-04 6.617E-04 -3.17932 .69467 18.058

[ 3309691 EDTAH 8.218E-09 3.620E-09 -8.44125 .44056 10.316
3309692 EDTAH2 1.755E-07 1.20SE-07 -6.91896 69467 16.368

I 3309693 EDTAHS3 1.104E-09 1.008E-09 -8.99668 91295 18.900 I!

I 3309694 EDTAH4 2.212E-12 2.216E-12 -11.65441 1.00171 20.929
3309695 EDTA H5 1.554E-14 1.419E-14 -13.84813 91295 23.504
309690 AlEDTA 8.966E-03 8.186E-03 -2.08694 91295 18.940 H
8116000 SOPb 4.778E-0S 4.778E-05 -4.32072 1.00000 4.959
8113300 SO- 7.485E-01 7.483E-01 -.12593 1.00000 -6.967
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Table 7.3 Continue

New logk

Gamma

Name Cale Mol

1.00000

8113302 SOH 7.484E-01 7.484E-01 -.12589

309691 AIHEDTA 7.666E-05 7.680E-05 -4.11466 1.00171 21.599

91295

-9.27057

3300020 OH- 5.875E-10 5.363E-10

It is not possible to compute the adsorption profiles from the K; approach. As
shown, lead appeared at the first pore volume of the passage of leachate in the effluent for
kaolinite clay due to low affinity of kaolinite to heavy metals retention. The equivalent K,
was calculated by the program and, as shown in Figures 7.7d, 7.8d, 7.9d and 7.10d,
demonstrates the variation of K with time and space As can be seen from the K, profiles, it

decreases with time as more leachate is passed through the column soil.
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(a) Pb Diffusion Profiles with EDTA in K Clay
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(c) Pb Diffusion Profiles with EDTA in KC Clay
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(a) Total Pb Profiles with EDTA in Kaolinite

[})

10 -

s

w

Depth (mm)

&

Concentrations (mg/1)

7.215

Hk lP'V
o By
'—:’- I":} -, o
r'd ’ , 38'
L’ | SPV
-~ s , -4-
' 7 Y
- -—
!
..'-, . - -T-
’ J
° i
- [ ] u"&\ 4
[] ! !
+ ] k) 4
a sy 100 150 200 250

(c) Pb Adsorption Profiles with EDTA in Kaolinite
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(d) Kd Profiles for Lead with EDTA in Kaolinite
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(a) Total Pb Profiles with EDTA in KS Clay (b) Pb Pore Fluid Profiles with EDTA in KS Clay
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(a) Total Pb Profiles with EDTA in KC Clay
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(b) Pore Fluid Pb Profilcs with EDTA 1n KC Clay
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(a) Towal Pb Profiles with EDTA in KSC
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7.4 Summary

The effect of EDTA on the partiioning of lead and the distribution coefficient, K, for
different clay soils at an acidic pH solution have been discussed in this chapter. It has been
shown that the presence of other contaminants such as EDTA (as an strong organic
complexing agent) significantly affects the migration, adsorption and precipitation profiles
of the lead into clay soil. The partitioning coefficient was significantly reduced from the
bottom to the top of the column and from low to high pore volumes when due to complextion
of lead with EDTA. It is because the concentration of the complexing agent increases and the
migration of lead is less to the bottom than the top part of the soil. In other words, the K, is
time and space dependent. The model was able to simulate both solute transport and geo-
chemical reaction of heavy metals with other contaminants and soil compositions in the clay
barrier system. The prediction results show good accord between the values predicted and
the values measured.

The results confirm that the distribution coefficient (K ) is a function, not only of the
contaminant and a given material, but also of a given leachate chemisuy and the
physicochemical-chemical properties of the soil liner material. Thus, the K, approach for the
prediction of pollutants such as heavy metals is not a proper approach for the design of clay
bammier systems. It was shown that attenuation of lead was governed by the adsorption. The
results indicated that both K, and diffusion coefficient are space and time dependent and may
not be assumed as a constant parameter. These results can also cast doubt on the validity of
K, determined through batch equilibrium test since it often computed at constant pH. It was
shown that the partitioning of the lead is ime and space dependent and varies with EDTA

concentration, soil constituents, CEC, SSA and pH of the soil solution.
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Chapter 8

Desorption of Heavy Metals

8.1 General

In response to an increased demand, many treatment technologies for heavy metals
contaminated waste in all soils have been developed. The standard remedial technique of
evacuating and transporting contaminated soils to a secure landfill is quickly becoming a thing
of the past. since it is associated with high costs, liability insurance, and requires regulatory
approval. One technology that is an aiternative to land disposal is on-site treatment of
excavated soil by soil washing. Soil washing involves soil excavation; above ground treatment
to isolate, remove, or destroy contaminants; and reuse of the clean soil for fill or other
purposes. (Raghavan er al. 1989). On-site soil washing has been successfuily applied in
Canada and the United States. Soil washing techniques can be performed by either in-site soil
techniques or on-site extraction (Trasente, 1995). In the case of on-site extraction following
excavation, the operation can be performed on a batch basis, or continuously.

An on-site extraction technique can be very expensive and result in a soil mass with
an unacceptable long term stability. In the case of in-situ soil flooding, the aqueous extractive
reagent is allowed to percolate through the soil to promote metals mobilization. One of the
factors limiting the use of soil washing for heavy metals contaminated in different sotls,
however, is that a demonstrated performance record is not yet available, so uncertainty exists
as to whether regulatory driven and risk-based contaminant levels can be achieved. Thus,

there is a need to demonstrate that soil washing can successfully treat heavy metal-
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contaminated soils and to identfy factors affecting washing performance.

The purpose of this chapter is to evaluate and compare the performance of EDTA
and sodium acetate, in terms of their ability to extract heavy metals from different
contaminated soil columns. The precontaminated kaolinite clay or kaolinite mixtures (KS.
KC, KSC) from the leaching experiment were used for the decontamination processes by
leaching with EDTA or sodium acetate. A very limited number of column leaching tests, for
the contaminated soil with heavy metals (lead), has been carried out. Then, using the
experimental data, iong term soil remediation has been predicted through theCOSTCHESP

proposed model.

8.2 Remobilization of Heavy Metals by EDTA

A variety of chemical technologies may be of value in the extraction of heavy metals
from soils, including washing with water salts, or complexing agents such as ethylene
diamine-tetra acetic acid (EDTA), and sodium acetate (Van Benschoten, et al., 1997;
Mohamed and Trasente, 1996). Soil washing removes contaminants, resulting in a permanent
solunon to the contamination problem, the recycling of clean soil, and improved future land-
use options.

On-site soil washing using a chelating resin has been used to remove lead from the
Longue Pointe military base in Montreal, Quebec (Garand and Normand, 1993). The process
used at this site exhibited Pb extraction efficiencies of 86.6% to 95.3%. Concentrations of 13-
16% EDTA have been used to remove 94-97% of total lead from the Church of God
contaminated site in Leeds, Alabama using a 4-5 ton/hour capacity pilot process (Raghaven
et al., 1989). Peters and Shem (1992) studies indicated that lead recovery equilibrium
between 0.2M EDTA and 100 mg/kg lead-contaminated soil was reached within 30 minutes
of contact time, while lead recovery equilibrium between 0.2 nitrilo-triacetic acid (NTA) and
100 mg/kg lead-contaminated soil was reached only after 3 hours. Van Benschoten et al,
(1997) studies indicate that the average cost for soil washing ranges from $120 to $200 per
ton of soil treated compared to less than $100 per ton for solidification/stabilization (S/S)

technologies. However, the additional costs for S/S may inciude transportation and landfill
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disposal, which may make soil washing a cost-competitive remediation.

The mobilization of contaminated illite soil with heavy metals through soil washing
by EDTA has been successfully performed by Castellan (1996). His test indicated that the best
EDTA performance was achieved using EDTA with a concentration of 0.01 mole/L and
with a pH level of 4-5. Sodium acetate has often been used to remobilize the heavy metals
from the carbonated soil (Cabral and Yong, 1991; Yong er a/., 1995) using a concentration
of 0.2 mole of sodium acetate at a pH of 5.0. Their tests were accomplished through the
batch equiltbrium test which is quite different from the actal field for a clay liner in the
landfill. Thus the effectiveness of EDTA and sodium acetate to remove heavy metals In

different clay soils in column tests will be investigated in the following section.

8.3 Experimental Resuits and COSTCHESP Application

The column soils which were used for remediation by EDTA were the
precontaminated soils in the first part of the column leaching test in which soils were
permeated up to seven pore volumes of effluent, with a solution of lead at a concentration
of 1 mmol/L and sodium chloride at a concentration of 0.05 mol/L. Thus, the total lead
profile along the column was known from the previous experiments. The above contaminated
soil was permeated with EDTA at a concentration of 0.01 mol/L and with a pH of 4.5 and
KC soil was leached with sodium acetate at a concentration of 0.2 mole with a pH of 5.0.
EDTA is available in two forms: H,Y Na,H,Y x 2H,0, or Na,H,Y x 2H,0. The notation Y
refers to the fully deprotonated form of EDTA. Since the tetra sodium form is most soluble

in water, this form of EDTA was chosen for this study.

8.3.1 Kaolinite Resuits
8.3.1.1 Total Aqueous Lead Profiles

The experimental results of the total aqueous lead concentration using EDTA for
kaolinite contaminated soil, is shown in the Figure 8.1. The total aqueous lead results are
plotted using equilibrium pore fluid concentration versus depth for various leachate PVs.

As shown in Figure 8.1, the concentrations of Pb** in the pore fluid have decreased
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with PV through the soil column as a function of leachate PV. This is because, lead
transported from the solid phase to the soluble phase due to complex formation with EDTA
and then migrated to the effluent. The lead in the effluent will increase with time as a function
of leachate PVs. The total lead transported to the effluent can be calculated through the mass
balance using total introduced lead minus the mass of the total lead in the effluent. The total
mass introduced after 5 pore volumes will be equal to 51.075 mg and the total lead in the
effluent after 5 pore volumes is 4.5 mg , thus, the total mass which was transported to the
effluent is equal to 46.575 mg. As shown, EDTA could mobilize almost all of the leads,
which were retained in the soil column, to the aqueous phase due to the complex formation
with lead. The EDTA removed the retained lead along the column which was adsorbed rather
than the precipitated. This is because the pH of the soil solution and leachate was in an

acidic condition.

Desorbed Lead Profile by EDTA for K
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Figure 8.1 Dissolved Lead Profiles into Kaolinite Soil.
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8.3.1.2 Partitioning CoefTicient Profiles

The experimental results of the partitioning coefficient, K, of the soil column for
the first, second and third pore volume of the effluent are shown in the Figures 8.2. The K,
profiles are computed, using the remaining retained lead for each slice of soil divided by lead
pore fluid concentrations, to evaluate how fast the retained lead transported to the aqueous
phase with time and space. The results of K, profiles shown in Figure 8.2 suggest that they
have decreased with time and increased with space which is the reverse of the adsorption
column test, described in the previous chapter. As shown, the computed K, is least at the
top and maximum at the bottom of the column and decreases with time. The partition
coefficient is at maximum for the first pore volume. The computed K, is very small compared
to the previous cases in the adsorption test, using EDTA and lead solution as the permeant

which shows that almost all of the adsorbed lead was transported to the aqueous phase.

Kd Profiles for Pb in Kaolinjte
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Figure 8.2 Computed Kd Profiles for Lead into Kaolinite Soil.
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8.3.1.3 pH Profiles

The experimental results of pH profiles of the soil column for the first, second and
third pore volume of the efflunet are shown in the Figures 8.3. As illustrated, the pH was
not affected by the leachate solution and remained unchanged within the range of the
experiment due to the closeness of the pH of the leachate solution (4.5) to the pH of the
kaolinite soil (4.7). The pH, after an initial increase due to the buffer capacity of the soil,

decreased with time along the depth of the column soil.

pH Profiles for Pb in Kaolinite
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Figure 8.3 pH Profiles for Lead mobili zation with EDTA into Kaolinite Soil.
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8.3.2 Kaolinite Mixtures

Since sodium acetate was recommended by (Yanful ez al., 1988; Yong eral., 1995)
for desorption of heavy metals from the carbonated soil, thus, sodium acetate was used only
for lead contaminated in KC soil and the results were compared with using EDTA in the

same soil and condition.

8.3.2.1 Total Aqueous Lead Profiles

The experimental results of the total aqueous lead profiles for kaolinite mixtures (KS,
KSC) using EDTA are shown in Figures 8.4a and 8.4b. The experimental results of the total
aqueous tead profiles for KC soil, using EDTA and sodium acetate, are also shown in Figures
8.5a and 8.5b, respectively. As shown, EDTA could remove lead from different clay soils
retained along the soil column and transport it to the aqueous phase. The EDTA removed
the retained lead along the column which was adsorbed and precipitated. Sodium acetate is
less effective for the remobilisation of the lead into the aqueous phase. As shown, the
appearance of the lead in the effluent occurred at the first pore volume of the effluent. The
total mass of lead which was transported into effluent will be equal to the total introduced
mass. This is because no lead was transported to the effluent up to seven pore volumes of the
effluent due to the retention of the lead at the top part of the column soil. Or in other words,
kaolinite mixture soils are more contaminated than the kaolinite soil. Lead was detected for
all types of the kaolinite mixtures at the first pore volumes of the effluent which occurred

after 8 days due to the complex formation of lead with EDTA.



Desorption of Heavy Metals

(a) Lead Desorbed Profiles for KS

1PV
¢:_
2PV
- L J
o -
! - A ~ 3PV
-~ )
. -
~ . ~
0 -‘ -
=w}l 7 - X
z. ' \
< : .
2 . N
w - e [ ] . -
. ] *
. 1
N . ] °
AR o L [ ] .-
A
1u 20 340 40 S0 60
Concentrations (mg/1)

Depth (mm)

(b) Lead Desorbed Profiles for KSC

8.228
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8.3.2.2 Partitioning Coefficient Profiles

The experimental results of the lead partitioning coefficient profiles, K, along the
soil column at the the first, second and third pore volume of the effluent for KS and KSC are
shown in the Figures 8.6a and 8.6b. The experimental results of the lead partitioning
coefficient profiles for KC soil, using EDTA and sodium acetate, are also shown in Figures
8.7a and 8.7b, respectively. As shown, EDTA could remove lead from different clay soils
retained along the soil column and transport it to the aqueous phase. Sodium acetate is less
effective for the remobilisation of the lead into the aqueous phase as shown by the higher K,
profile results. The results of K, profiles indicate that they have decreased with time and
increased K; with space that was inverse in case of an adsorption column test. The K is
maximum at the first pore volume. The computed K, is very small compared to the previous
cases in adsorption test which shows that almost all of the retained lead was mobilized. The
computed K is larger in kaolinite mixtures than the kaolinite soil which shows that not all of

the adsorbed lead was transported to the aqueous phase.
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Figure 8.6 Kd Profiles for KS and KSC Soil Using EDTA.
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(a) Kd Profiles for Pb bv SA in KC Sail
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Figure 8.7 Kd Profiles for KC Soil Using EDTA and Sodium Acetate.

8.3.2.3 pH Profiles

The experimental results of the pH profiles of the soil column at the the first, second
and third pore volume of the effluent for KS, KSC and KC soils using EDTA and for KC soil

using sodium acetate are shown in the Figures 8.8a-8.8c and 8.8d,

respectively. As

ulustrated, the pH remained above 6.0 for KS soil and above 7.0 for KSC and KC soil along

the column due to the high buffer capacity of the kaolinite mixtures soils. The pH of the

premeant solution was 4.5.
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8.4 Prediction

The above experimental results were used for the calibration of the
COSTCHESP.The experimental results of total lead profiles for first and third pore volumes
were used for the calibration of the model and to calculate the diffusion coefficient for lead
into different clay soils. In order to simulate the decontamination experiment by the
COSTCHESP, the concentration of lead was specified as the background concentration
along the soil column. The input concentrations for all components at the upper boundary
condition, except the EDTA, were initiated to zero, other geochemical parameters were kept
as in the previous cases.

The computed diffusion coefficient for lead into kaolinite and kaolinite mixtures
(KS. KC, KSC) using EDTA are shown in Figures 8 9a-d, respectively. The computed
diffusion coefficientinto KC using sodium acetate as the permeant is shown in Figures 8 9e.
As shown, the diffusion coefficient is a function of ime and space and is dependent on soil
constituent and its desorption properties. The diffusion coefficient is least at the top of the
column and maximum at the bottom, contrary to the adsorption cases shown in previous
chapter. The diffusion coefficient is maximum for the kaolinite due to the highest desorption
of lead from the kaolinite. The diffusion is lowest for KSC due to its low desorption
properties. It was also shown that the diffusion coefficient increases with time and it reaches
a steady state. Using the above calculated transport parameters, long term remediation of the
different clay soils are predicted by the COSTCHESP program and are demonstrated in
Figures 8.10a-d and 8.10e for K, KS, KC and KSC soil, using EDTA and sodium acetate,
respectively. The results of the predicted K profiles for the above cases are also shown in
Figure 8.11a-e.

A sample of the speciation results in the last node of the contaminated kaolinite soil
column leached with EDTA and sodium acetate for the species in solution and other species
is shown in Table 8.1 to Table 8.4, respectively. The details of the complexation form of
lead in the last node for kaolinite and kaolinite mixtures (KS, KC, KSC) can be found in
Table E1-E4 in Appendix E.
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Table 8.1 - Components as Species in Solution at the Last Node for KC Soil Using EDTA

LId__ Name Calc Mol _ Activity _Log Activity Gamma _New Logk
330 H+l 6.212E-08 4.531E-08 -7.34376 72946 137
30 A3 7.665E-14 4.483E-15 -14.34847 05848 1233
770 H4SiO4  1.440E-05 1517E-05 -4.81901 105362  -023
150 Ca+2 3.856E-05 1.092E-05 -4.96187 28315 548
492  NO3-1  2.000E-03 1459E-03 -2.83597  .72946 137
140 CO3-2  1.084E-03 3.069E-04 -3.51306 28315 548
600  Pb+2 1.419E-11 4.019E-12 -11.39587 28315 548
969 EDTA-4 1445E-08 9.286E-11_-10.03215 00643 2192

Table 8.2 - Components as Species in Solution at the Last Node for KC Soil Using SA.

Name
350 H+1 5.794E-07 5.292E-07 -6.27640 91524 .039
492 NO3-1 2.000E-03 1.826E-03 -2.73839 91324 039
600 Pb+2 1.688E-07 1.174E-07 -6.93032 69557 138 ]
500 Na+l 9.808E-04 B8.9S7TE-04 -3.04785 91324 039 l
i 150 Ca+2 4.689E-04 35.261E-04 -3.48662 .69557 .158 I
l 770 HA4SiO4 9.752E-05 9.769E-05 -4.01016 1.00169 -.001
140 CO3-2 1.136E-08 7.901E-09 -8.10230 69557 158
30 Al+3 2.505E-12 1.107E-12 -11.95599 44185 355
Acetate _885TE03 205368 91524 .03:
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Table 8.3 Other Species in Solution or Adsorbed at the Last Node for KC Soil Using EDTA.

Id Name Calc Mol _ Activity Log Activity Gamma New Log=kl
8111500 =1SOca 3.884E-04 3.884E-04 -3.41075 1.00000 -5.310
1509691 CaHEDTA 6.298E-07 4.594E-07 -6.33777 72946  16.137 u
309690 AlEDTA 4.533E-06 3.307E-06 -5.48062 72946  19.037 “

[ 309691 AIHEDTA  7.128E-11 7.510E-11 -10.12438  1.05362 21.577 ﬂ
3300020 OH- 3.028E-07 2.209E-07 -6.65582 72946 -13.861
3307700 H3SiO4 - 5.407E-08 3.944E-08 -7.40404 72946 -9.792

f| 3307701 H2SiO4 -2 6.308E-12 1.786E-12 -11.74811 28315 -21.069
1503300 CaOH + 8.304E-11 6.058E-11 -10.21769 72946 -12.461 u
1501400 CaHCO3 + 4.607E-05S 3.361E-05 -4.47359 72946  11.482
1501401 CaCO3 AQ 4.519E-06 4.761E-06 -5.32232 1.05362 3.130
303300 AIOH +2 3.562E-12 1.009E-12 -11.99629 28315 -4.442

{ 305301 Al(OH)2 + 2360E-10 1.721E-10 -9.76411 72946  -9.963

| 303502 Al(OH)4 - 1436E-08 1.048E-08 -7.97975 72946  -22.863
303303 AI(OH)3 AQ 4.523E-09 4.765E-09 -8.32193 1.05362 -16.023
6001400 Pb(CO3)2-2 5.834E-08 1.652E-08 -7.78199 28315 11.188
6003300 PbOH + 2.362E-12 1.723E-12 -11.76368 72946  -7.575
6003301 Pb(OH)2 AQ 1.399E-14 1.474E-14 -13.83150 1.05362 -17.143
6003302 Pb(OH)3 - 5.101E-18 3.721E-18 -17.42932 .72946 -27.923
6003303 Pb2OH +3  2.651E-21 1.550E-22 -21.80955 .05848
6004920 PbNO3 + 1.189E-15 8.673E-14 -13.06183 .72946
6003304 Pb3(OH)4+2 7.065E-29 2.000E-29 -28.69887 28315
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Table 8.3 Continue

Cale Mol

" Id Name Activity Log Activi

" 6001401 PbCO3 AQ  2.034E-08 2.143E-08 -7.66893 1.05562 7217

|L6003305 Pb(OH)4 -2  6.635E-22 1.879E-22 -21.72614 28315 -39.151

| 6001402 PbHCOS + 1.214E-09 8.858E-10 -9.05268 72946 13.337
3301400 HCOS - 4.071E-01 2.970E-01 -.52725 .72946 10.467 i
3301401 H2CO3 AQ 2.869E-02 3.023E-02 -1.51958 1.05362 16.658
6009692 PBHEDTA  1.110E-19 8.095E-20 -19.09177 72946 9.817 jﬂ
6009693 PBH2EDTA 1.207E-30 1.272E-30 -29.89553  1.05362 6.197
6009691 PBEDTA 9.999E-04 2.831E-04 -3.54801 28315 8.428
3309691 EDTAH 6.562E-07 3.838E-08 -7.41591 .05848 11.193
3309692 EDTAH2 1.092E-08 3.093E-09 -8.50967 28315 16.758 |
3309693 EDTAHS 8.582E-14 6.260E-14 -13.20342 72946 18.997
3309694 EDTAH4 3.163E-19 3.333E-19 -18.47718 1.05362 20.907
3309695 EDTA H5 7.080E-24 5.165E-24 -23.28694 72946 23.601
1509690 Ca EDTA 8.994E-03 2.547E-03 -2.59402 28315 12.948
8113300 =1SO- 2.67SE+00 2.67SE+00 .42735 1.00000 -5910
8113301 =1SOH+ 2.675SE+00 2.675E+00 42735 1.00000 6.150
8116000 =1SOHPb 3.870E-09 3. 870E-09 -841228 1.00000 9.230 !
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Table 8.4 Other Species in Solution or Adsorbed at the Last Node for KC Soil Using SA.

__Log Activity Gamma New Logk]

’ Id Name Cal l Activ

8216002 2SOPbOH

4 943E-07 4.943E-07

-6.30599

1.00000

-9.970 |

5009920 NaACETATE 5.221E-06 5.230E-06

-5.28152 1.00169

- 181 |

1509920 CaACETATE 4.777E-05 4.362E-05 -4.36029 91324 1.219 |
LSSOOOZO OH- 2.078E-08 1.898E-08 -7.72170 91324 -13.959
" 3307700 H3SiO4 - 2.382E-08 2.17SE-08 -7.66254 91324 -9.889
II 3307701 H2SiO4 -2 1.213E-13 8.434E-14 -13.07397 69557 -21.459

1503300 CaOH + 1.703E-10 1.555E-10 -9.80832 91324 -12.559

1501400 CaHCO3 + 3.305E-07 3.018E-07 -6.52023 91524 11.383

1501401 CaCO3 AQ  3.656E-09 3.662E-09 -8.43631 1.00169 3.152

5001400 NaCOs - 1.436E-10 1.512E-10 -9.88213 91324 1.307

5001401 NaHCO3 AQ 4.495E-08 4.502E-08 -7.34655 1.00169 10.079

305300 AIOH +2 3.076E-11 2.139E-11 -10.66970 .69557 -4.832

303301 AI(OH)2 + 3.436E-10 3.158E-10 -9.50340 91324 -10.061

303302 A(OHM - 1.544E-10 1.410E-10 -9.85081 91324 -22.961

303303 AI(OH)3 AQ 7.450E-10 7463E-10 -9.12711 1.00169 -16.001 ﬂ

6001400 Pb(CO3)2-2 4.600E-13 3.199E-13 -12.49492 .69557 10.798'

6003300 PbOH + 4.736E-09 4.325E-09 -8.36402 91324 -7.671

6003301 Pb(OH)2 AQ 3.174E-12 3.179E-12 -11.49773 1.00169 -17.121
| 6003302 Pb(OH)S3 - 7.551E-17 6.896E-17 -16.16143 91524 -28.021

6003303 Pb20OH +3 2.573E-14 1.137E-14 -13.94434 44185 -6.005

6004920 PbNQ3 +

3.473E-09 3.172E-09

-8.49871 91324

1.209
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Table 8.4 Continue

Calc Mol _ Activity Log Activity Gamm

i Id Nﬂ“_" a New Logkﬂ
6003304 Pb3(OH)4+2 3.907E-20 2.718E-20 -19.56577 .69557 -23.722
6001401 PbCO3 AQ 1.609E-08 1.612E-08 -7.79262 1.00169 7.239
6003305 Pb(OH)M4 -2 4301E-22 2.991E-22 -21.52413 69557 -39.541

i 6001402 PbHCOS3 + 8.519E-09 7.780E-09 -8.10902 91324 13.239
3301400 HCOsS - 9.779E-05 8.930E-05 -4.04914 91324 10.369
3301401 H2CO3 AQ 1.060E-04 1.061E-04 -397411 1.00169 16.680
3309921 H ACETATE 2.687E-04 2691E-04 -3.57008 1.00169 4.759
6009921 PBACETATE 8.422E-07 7.691E-07 -6.11399 91324  2.909
6009922 PBACETATE2 1.101E-07 1.102E-07 -6.95767 1.00169 4.079
6009923 PBACETATES 3452E-10 3.152E-10 -9.50135 91324  3.629
6009924 PBACETATE4 2.586E-12 1.799E-12 -11.74502 69557  3.538

{ 8113300 =1S0O- 5.280E-02 3.280E-02 -1.48410 1.00000 -6.910
8113302 =1SOH 3.290E-02 3.290E-02 -1.4828S 1.0000C 7.860
8116000 =1SOPb+ 2.868E-12 2.868E-12 -11.54239 1.00000 -8.930
8115000 =1SONa 1.381E-07 1.381E-07 -6.85992 1.00000 -8.130
8116002 =SOPbOH 4.943E-07 4943E-07 -6.30599 1.00000 -9.970
8213300 =2S0- 1.228E-02 1.228E-02 -1.91073 1.00000 -6.910
8213302 =2SOH 1.229E-02 1.229E-02 -1.91055 1.00000 6.160
8215000 =2SONa 1.381E-05 1.381E-05 -4.85992 1.00000 -6.130

8216000

=2SOPb+

5.420E-06 5.420E-06

-5.26599

1.00000

-8.930




Desorption of Heavy Metals 8.238

(a) Dxffusion Profiles Using EDTA in Kaolinite (b) Diffusion Profiles Using EDTA in KS Soil
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Figure 8.9 Pb Diffusion Profiles for all Soils Using EDTA
and Sodium Acetate.
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(a) Lead Desorption Profiles by EDTA for K

(b) Lead Desorption Profiles by EDTA for KS
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Figure 8.10 Predicted Desorbed Pb Profiles for all Soils Using EDTA
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(a) Kd Profiles for Pb by EDTA in Kaolinite

(b) Kd Profiles for Pb by EDTA in KS Saoii
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8.5 Summary

The effectiveness of EDTA to remove lead from the contaminated column in different
clay soils and the COSTCHESP simulation for the prediction of mobilization of lead were
discussed in this chapter. It was shown that EDTA could remove 50% of lead from the
contaminated clay at the first pore volumes and subsequently it could remove 80% of lead at
three pore volumes. EDTA could transfer the adsorbed heavy metals even from the
carbonated soil (KC, KSC) to the aqueous phase at low pore volumes. Sodium acetate (SA)
is less effective for the remobilization of the lead into the aqueous phase as shown by the
higher K profile resuits. It was shown that the COSTCHESP could reasonably predict the

migration and distributon profiles of lead.
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Chapter 9

Parametric Sensitivity

9.1 General

One of the distinctive features of the prediction model, based on laboratory
experiments, is the spatial heterogeneity of the soil properties in the field or, in other words,
the uncertainty of the parameters measured in the lab and the problem of scale. This spatial
heterogeneity is, generally, of an irregular nature, occurring on a scale that is not captured by
laboratory samples. Our interest lies in transport occurring in the field scale, to a much larger
extent than the laboratory scale. Even the parameter estimation of this study is based on
column study and pore volume of leach out from the samples which, offer a good tool for the
validation of a multi-component transport system in the field. There is still some doubt about
the soil properties and chemical reaction occurring in nature. In addition, it is not possible to
study the effect of all parameters including soil porosity, coefficient of permeability, diffusion
coetficient. hydraulic gradient and adsorption parameters such as specific surface area (SSA),
cation exchange capacity (CEC) and pH of the soil solution , on the transport of heavy metals
into a clay barrer system.

To overcome the problem of the uncertainty, a parametric study is undertaken to
examine the effect of the transport and chemical parameters on the transport of multi-
component of heavy metals into clay using the COSTCHESP model. This requirement is basic
for sensitivity analysis. The sensitivity analysis should answer the question of how parameter
variations affects the transport of muiti-component heavy metals into a clay barmer system.

In other words, the response of the proposed mathematical model to parameter vanation
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should be clearly understood. The sensitivity of the proposed model with respect to chemical

and transport parameters will be evaluated in this chapter.

9.2 Evaluation of Transport and Partitioning Coefficient Parameters

As shown in various studies by Yong ez a/. (1992), the diffusion coefficient could not
be assumed as a constant parameter. [t varies with time and space. From the experimental and
predicted results of this investigation (in the previous chapters), it was also concluded that
K, varies with type of heavy metal and soil and is also time and space dependent. Thus, each
component in a multi-contaminant system has its own diffusion and distribution coefficient,
depending on the soil adsorption characteristics (SSA, CEC), geometry of the problem, pH
of the solution, and other contaminants in the solution. Or in other words , the diffusion and
partitioning coefficients are functions of the hydro-physico-chemical interaction of
contaminants with soil which can be evaluated through the COupled Solute Transport and
Equilibrium Speciation (COSTCHESP) model. The importance of various parameters
including; heavy metals concentrations, chloride concentrations, pH of the solution, CEC,
SSA, hydraulic gradient, temperature, CO, pressure, coefficient of the hydraulic conductivity
to the partitioning coefficient , diffusion coefficient, depth of clay liner and the migration of

the heavy metals into different clay barriers are presented in the following sections.

9.2.1 The Effect of Heavy Metals Concentrations

COSTCHEM was simulated, using lead or zinc with a higher concentration (1cmol
of lead or zinc) i.e. 10 times the concentration of the previous case. All other physico-
chemical properties were kept constant except the adsorption parameter which was changed
for the new concentration. The predicted resuits for the total heavy metals transported,
retained (adsorbed+precipitated) profiles and the computed distribution coefficient and
diffusion coefficient profiles for lead and zinc into kaolinite soil are shown in Fig. 9.1a-d and
9.5 a-d and Figs 9.2a-e to 9.4a-¢ for lead and 9.6a-e-9.8a-e for zinc into kaolinite mixtures

(KS, KC, KSC), respectively.



Parametric Sensivity 9.246

As shown, the mobilization of heavy metals along the depth of the column soil is
accelerated when higher concentrations of heavy metals are applied. This is because, at high
Pb*"or Zn™ concentrations, clay particles tend to conglomerate due to the disintegration of
the diffuse double layer (Yong er al. 1992). Hence, a decrease in the net repulsive forces
between clay particles within fabric unit is obtained (Mohamed er al. 1994). For this case,
the clay particle surfaces in contact with the Pb~" or Zif~ solution tend to decrease and
become coarser and form aggregates. The resultant surface areas exposed to Pb™" or Zm*”
solution are less than those of low concentrations. Therefore, the Pb** or Zr* adsorption
capacity of the newly formed structure, for high concentrations, is less than that of low
concentrations. Also, the decrease in Pb®~ or Zn™~ adsorption at high concentrations could be
attributed to the decrease in ion activity (Yong ez al. 1992). The thickness of the diffuse
double layer tends to decrease, which facilitates the mobility of the heavy metals or other
cations in the solution.

On the other hand, the higher the concentration of Pb or Zn appiied, the higher will
be the H™ remaining in the solution, which resuits in a reduction of the equilibrium soil
solution pH. The lower the pH, the higher the mobility of heavy metals. The mobility of Zn
in all cases is higher than Pb. The mobility of Pb or Zn increases as their concentration in the
permeant solution increases, especially for kaolinite clay which has a low soil solution pH and
the possible retention of Pb or Zn in form of precipitation is zero. For high soil pH >5 like
KS, KC or KSC, most of the applied Pb is retained on the top part of the soil column in the
form of precipitation. Whereas, when the soil solution pH is <5 the amounts of Pb retained
decrease rapidly.

However, the higher the concentration of Pb or Zn applied, the higher will be the
diffusion coefficient, a shown in Figure 9.1d and 9.3d for lead and zinc in kaolinite and
Figures 9.2e-9.4e for lead and 9.5e-9.8e for zinc in kaolinite mixtures, which results in an
increase of mobility of both heavy metals. This conclusion may also be drawn from K| resuits
shown in Figures 9.1c and 9.2¢ for lead and zinc in kaolinite and 9.2d, 9.3d, 9.4d for lead
and 9.6d, 9.7d, 9.8d for zinc in kaolinite mixtures (KS, KC, KSC), respectively.
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(a) Total Pb Profiles in Kaolinite
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(a) Total Pb Profiles in KS Soil (b) Pb Adsorption Profiles in KS Soil
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(a) Total Pb Profiles in KC Soil (b) Pb Adsorption Profiles in KC Soil
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(a) Total Pb Profiles in KSC Soil (b) Pb Adsorption Profiles in KSC Soil
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(a) Total Zn Profiles in KS Sail
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(a) Total Zn Profiles in KC Soil (b) Zn Adsorption Profiles in KC Sail
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(a) Total Zn Profiles in KSC Soil
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9.2.2 The Effect of Chloride Concentrations

Chloride, under certain circumstances, may also be of great significance in the
mobilization of heavy metals when it is spiked in solution with heavy metals. To evaluate the
effect of chlonde concentration on the mobility of lead into kaolinite or kaolinite mixtures,
COSTCHESP was simulated using chioride with a concentration of 0.5 mole in the input
solution. All other physico-chemical properties were kept constant.

The predicted results for the total lead transported, retained (adsorbed + precipitated)
profiles and the computed distribution coefficient and diffusion coefficient profiles for
kaolinite sotl are shown in Figs 9.9a-d and for kaolinite mixtures (KS, KC, KSC) are shown
in Figs 9.10a-e to 9.12a-e. As expected, the figure shows the addition of chloride, as a
complexing component, reduced the amounts of heavy metals retained in all types of soil. The
chloride concentration varies with time and space. The higher the NaCl concentration, the
lower the degree of heavy metals sorption, due to the complex formation of lead with
chioride and the selectivity of Na~ over Pb>".

Macroscopically, the tendency of an ion to be sorbed depends on its concentration in
the aqueous phase relative to the concentration of other sorbable ions, the selectivity of the
sorptive substrate for an ion relative to the other ions, and the number of sites on the sorptive
substrate (Milller and Benson, 1983 ). Given similar concentrations of sorbable ions in the
aqueous phase, the selectivity of Pb*" is higher than the selectivity of Na™. However, as the
concentration of Na~ is increased, the enhanced selectivity for Pb is outweighed by the Na
concentration effect, and the adsorption of Pb*" is reduced. The mobility of lead was
enhanced as the pore volumes of the influent was passed through the column. Since the Cl
moves very fast and may reach its breakthrough between 3-4 pore volumes of effluent,
depending of the type of the soil, the mobility of heavy metals may be slow at first due to the
low concentration of Cl, but it accelerates after the third pore volume of the influent was
passed through the column soil because the mobility is increased with the increasing
concentrations of Cl. The effect was found to be directly related to the degree of chloro-
complex formation, as predicted from COSTCHESP. In the case of kaolinite, there is a

relative drop in Pb retention with increasing chloride concentrations.
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(a) Total Pb Profiles in Kaolinite
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(b) Pb Adsorption Profiles in KS Soil

(a) Total Pb Profiles in KS Soil

1340303 15

| 4740 5@ 5

Depth (mm)

Depth (mm)

o 97 I(;) l;) 3‘) %0 ‘o . “ ® oo
= Concentrations (mg1)
Concentrations (mg1)

=4
8 .

(<) Pb Precipitation Profiles in KS Sail (d) Kd Profiles for Pb in KS Sail

Q mwv
4—: — -
; ® §
§ )
a -
v ®
- ;\

Depth (mm)

w0
bl ©
e * 10 15 0 ° s ) 1 » = 0
Concentrations (mg'1) Kd (mlg}

(¢) Daffission Profiles for Pb in KS Soil

)
w0 |
0 |
=
B
=
= W
-5
&£
ol
o}
40 L 1 3 e tmranatin
015 02 025 03 03§ 04 045 O0S 0SS
Dif. Coef. (cm2/day)

. Fig. 9.10 Predicted Chloride Concentration Effect on Pb Characteristics Profiles for KS.



Parametric Sensivity
(a) Total Pb Profiles in KC Soil (b) Pb Adsorption Profiles in KC Sotl
i
-
]
[
BV
)
£ Z
& 2
60 - - - 60 - - -
o « 100 150 200 20 ° 10 » 3 0 ° &0 -0
Concentrations (mg 1) Concentrations (mg1)
{c) Pb Preciputation Protiles in KC Sail (d) Kd Profiles for Pb in KC Soil
o v v
—— =
i0 ot § i
- )
= = .!,: = ,—,_
E 2
£" =
£ £
0
o L
o @
¢ = © 0 ot to0 10 [ s 10 13 £ ) n

Concentrations (mgl) Kd (mi/g)

(c) Diffusion Profiics for Pb in KS Soil

] .
'
T
(L
PV
)
-y
20 (g
- -5
E -
E
=10
a
X
=
]
so |
. . " . .
01 02 [$] os os LT3

Dif. Cocf. (cm2/day)

Fig. 9.11 Predicted Chloride Concentration Effect on Pb Characteristics Profiles for KC.



Parametric Sensivity

Depth (mm)

Depth (mm)

(a) Total Pb Profiles in KSC Soil (b) Pb Adsarption Profiles in KSC Soil

? JELH
LS

Depth (mm)

“ « 100 150 200 240 “e :6 « 6 ® 100 120 140
Concentrations (mg/1) Concentrations (mg/1)
(<) Pb Precipitation Profiles in KSC Soil (d) Kd Profiles for Pb in KSC Soil

! IBTE

0 ) < L% %0 100 120 o 0 0 w0 w0
Concentrations (mg/l) Kd (ml'g)

(e) Daffusion Profiles for Pb in KSC Soil

Depth (mm)
3

: . 1 l —
Q.15 0z a2s o3 0338 o4 043 es 0ss

Dif. Coef. (cm2/day)

Fig. 9.12 Chloride Concentration Effect on Pb Characteristics Profiles for KSC.



Parametric Sensivity 9.260

9.2.3 The Effect of pH of the Leachate Solution

pH is known as the one of the most important factors which, under certain
circumstances, may also be of great significance in the retention of heavy metals in a clay
liner. This is due to competition between hydrogen ions and heavy metals for the adsorption
on clay soil (Yong et al. 1995). To evaluate the effect of leachate solution pH on the
mobility of lead into kaolinite or kaolinite mixture, COSTCHESP was simulated using
leachate solution pH of 1.00, and all other physico-chemical properties were kept constant.
The predicted results for the total lead transported, retention (adsorbed + precipitated)
profiles and the computed distribution coefficient and diffusion coefficient profiles for
kaolinite and kaolinite mixtures for all four types of soils (K, KS, KC, KSC) are shown in
Figs 9.13a-d, 9.14a-d, 9.15a-d and 9.16a-d. As shown, the pH of the leachate solution may
enhance the mobilization of the heavy metals into a clay barrier, especially, when the buffer
capacity of clay is low, as shown in Fig 9.13 for kaolinite soil. This is because, at low pH the
possible retention of heavy metals in the form of precipitation is low. On the other hand, at
a low pH value for a variable charged clay like kaolinite, clay surfaces are positively charged.
Electrostatic interaction is thus not in favour of the adsorption of heavy metals or other
cations (Sposito, 1990). In addition, due to competition between the hydrogen ions and
heavy metals the adsorption of the cations in the form of complextion or ion exchange is
reduced.

The results of model simulation for three other soils (KS, KC, KSC), shown in Fig
9.14,9.15 and 9.16 indicate, that when clay has a high buffer capacity it can still retain high
amounts of heavy metals. Especially, in carbonate soil, ( KC, KSC), low pH permeant
solution could dissolve the carbonate of the clay soil and increase the possibility of
precipitation of heavy metals in the form of carbonate in the top part of the column. After
passing some pore volumes of the leachate the retention in all forms is reduced. Overall, as
shown in Fig 9.13¢, 9.14d, 9.15d, 9.16d, the partitioning coefficient for all types of the soils
is minimum at the top and maximum at the bottom of the column due to low pH of permeant

solution.
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(a) Total Pb Profiles in KSC Clay
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9.2.4 The Effect of SSA

Theoretically, it is accepted that the surface area of the clay soil is one of the most
important components which directly enhances the adsorption of the heavy metals or
decreases the mobility of ions along the soil depth (Yong et al., 1992; Sposito, 1990, Warren
and Zimmerman, 1994). As shown in previous chapters, the difference between the adsorption
of a kaolinite mixture and pure kaolinite to heavy metals retention was due to SSA. However,
in order to evaluate how the model is sensitive to the surface area, leaving all other
parameters constant. the surface area of the kaolinite soil was enlarged five times and
kaolinite mixtures (KS, KC, KSC) were reduced to 1/fifth of their actual surface, all other
physico-chemical properties were kept constant and COSTCHESP was simulated. The SSA
of the kaolinite mixtures were not enlarged because kaolinite muxtures already have enough
capacity to retain lead.

The predicted results for the total lead transported, retained (adsorbed+precipitated),
distribution coefficient and diffusion coefficient profiles for kaolinite are shown in Figures
9.17a-d and for kaolinite mixtures (KS, KC, KSC) are shown in Figs 9.18a-e to 9.20a-e,
respectively. As expected, the figures show the addition of surface area increased the
amounts of heavy metals retained in kaolinite soil. The reduction of SSA for kaolinite
mixtures increases the mobility of lead and decreases adsorption and the partitioning
coefhicients. As shown, all soils were sensitive to the increase or decrease of the SSA. The
mobility of lead in kaolinite was reduced, due to the increase of the SSA with the same soil

pH.
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(a) Total Pb Profiles in KS (b) Pb Retention Profiles in KS
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(a) Total Pb Profiles in KC
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(a) Total Pb Profiles in KSC

(b) Pb Adsorption Profilcs in KSC
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9.2.5 The Effect of CEC

[t is generally accepted that the cation exchange capacity of clay soil is one of the
most important factors which determines the adsorption of the heavy metals (Sposito, 1990;
Yong and MacDonald, 1997). The higher the CEC, the more sites are available for
adsorption. As discussed in the previous chapter, one of the reasons that a kaolinite mixture
has a higher affinity for the adsorption of heavy metals is the higher CEC of kaolinite mixture
compared to pure kaolinite. However, in order to evaluate how the model is sensitive to the
CEC (using all other parameters constant) the CEC of the kaolinite was enlarged to five
times and kaolinite mixtures were reduced to l/fifth their actual CEC of each soil and
COSTCHESP was simulated. The predicted results for the total lead transported, adsorbed/
precipitated and the computed distribution coetficient and diffusion coefficient profiles for
kaolinite are shown in Figures 9.21a-d, respectively . As expected, the figures show the
addition of CEC increased the amounts of heavy metals retained in kaolinite soil. As
expected, the kaolinite soil 1s more sensitive to the addition of the CEC. It s also shown that
the model is sensitive to the CEC.

The predicted results for the total lead transported. adsorbed/ precipitated and the
computed distribution coefficient and diffusion coefficient profiles for kaolinite mixture,
shown in Figures 9.22a-e to 9.24a-e, demonstrate the influence of the reduction of CEC on
the mobility of lead which results in a decrease of adsorption and precipitation profiles and
consequently, an increase of the diffusion coefficients and a decrease of partitioning

coefficient profiles.
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(a) Total Pb Profiles in KSC
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9.2.6 The Effect of Hydraulic Gradient

Cabaral and Yong (1993) studies indicate that the hydraulic gradient has a minor
effect on the coefficient of the permeability. A higher gradient results in a faster mobility of
the solution along the depth of the column. Since using a very low gradient was time
consuming, a relatively medium gradient was chosen to carry out the column leaching test.
[n order to evaluate how the proposed model is sensitive to hydraulic gradient, the hydraulic
gradient was reduced to /10 of the gradient in the experiments. The predicted resuits for
the total lead transported, adsorbed/precipitated profiles and the computed distribution
coefficient and diffusion coefficient profiles for kaolinite are shown in Figures 9.25a-d and
for kaolinite mixtures are shown in Figs 9.26a-e to 9.28a-e, respectively. As shown, the
higher the gradient, the higher the mobility, which results in more heavy metals transported
to the subsurface. Using a lower gradient causes the permeant transport at very low rate. For
example, in order to pass one pore volume of leachate into kaolinite soil it took 40 days and
for KSC and KC 100 and 110 day. These results agree with previous research done by
Bailey and Lynch (1996). which shows that at a very low flow rate the adsorption of heavy

metals into clay soils increased.
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(a) Total Pb Profiles in KC (b) Pb Adsorption Profiles in KC
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(b) Pb Adsorption Profiles in KSC
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9.2.7 The Effect of Temperature

The reactivity of a chemical interaction of a multi-component system is a function of
temperature. The equilibrium constants described in Equation 3.4 are functions of the system
temperature and ionic strength. The values supplied in MINTEQAS.1 (Allison, 1993)
thermodynamic database are referenced to 25° C and an ionic strength of zero. If the
temperature is not at 25° C , a new equilibrium constant must be calculated before solving the
equation.

The ionic strength constants must be calculated before solving the equation. The ionic
strength affects activity coefficients which, in turn, affect the adjusted equilibrium constants.
MINTEQAS.1 allows the option of specifying a fixed ionic strength or of recalculating the
ionic strength from the new estimates of species concentrations at each iteration. Chemical
equilibrium speciation incorporates two schemes for adjusting the equilibrium constants for
temperature. If the necessary data are available in the thermodynamic database. it uses a

power function of the form

log K; = A+ BT+ C/T+ D Log(T) +ET? + F/T*> +GT*’ 9.1)

where

T = temperature (K)
A,B,... G = empirical constants stored in the thermodynamic database
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For any species that does not have the constants needed for Equation $.1, the equilibrium

constant is corrected for temperature variations from 25° C by the Van't Hoff Equation

log K= gk ~ {iT -%] (9.2)
where
T, = reference temperature, 298.16 K
R = molar gas constant
log K;, =log of the equilibrium constant at the reference temperature
T = temperature of the system to be modelled (Kelvin)
aH, = standard enthalpy change of the reaction

However, in order to evaluate the sensitivity of the model to isothermal temperature,
(using all other parameters constant). the reaction temperature was increased to 100°C and
the COSTCHESP was simulated. The above simplification should usually be valid in the
groundwater zone, but is probably not satisfactory near the ground surface where large
temperature gradients are present The predicted results for the total lead transported,
migrated, adsorbed, precipitated profiles and the computed distribution coefficient and
diffusion coefficient profiles for kaolinite soil and kaolinite mixtures are shown in Figs 9.29
to 9.32 a-d. As expected increasing the temperature reduced the amounts of heavy metals
retained for all type of the soils. As shown in Figure 9.29 to 9.32 the retention of lead into a
kaolinite mixture (KS, KC, KSC) shifted from the adsorption into the precipitation form.
These results are agree with previous research done by Serpaud er a/., 1994. Their studies
show that a temperature increase from 10 degree C to 40 degree C caused decreased heavy
metals (Cu, Zn, Cd and Pb) adsorption on clay soils as observed from Freundlich and
Langmuir plots.
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9.2.8 The Effect of CO, pressure

The partial pressure of carbon dioxide (CO, ) has been noted as the major chemical
variable controlling the precipitation of heavy metals carbonates (Sposito, 1984). In an open
system such as earth’s atmosphere Py, is constant (0.0003 atmosphere) so that dissolved
CO, is also constant. Rainwater and melted snow in nonurban, nonindustrial areas have pH
values nomally between 5 and 6. The equilibrium pH for nonsaline water in contact with CO,
at the earth’s atmospheric value of 10~ bar is 5.7 (Freeze and Cherry, 1979). Measurements
of the composition of gas samples from soils at locations in North America, Europe, and
elsewhere have established that the CO, partial pressure of soil atmosphere is normally much
higher than that of the earth’s atmosphere. Values in the range of 10 -10' bar are typical.
In a landfill environment, the partial pressure of CO, is constantly changing due to the
variations of temperature, moisture conditions, microbial activity, availability of organic
matter and the dissolution of calcium carbonate in the leachate. In this case, the CO, is not
free to escape in the atmosphere and the partial pressure of CO, in a young leachate, for
example, is obviously greater than that of atmosphere. The production of carbon dioxide
occurs during bacterial oxidation of organic matter or dissolution of limestone from natural
soil. In addition, the use of crushed limestone along with soil liners has been suggested as a
means for immobilization of heavy metals.

Specifying a gas phase at a fixed partial pressure in the system would have much the
same effect mathematically as does a solid phase. When a CO, gas phase is present, the

following reaction would apply

CO; ™ +2H "-H,0-CO,
The corresponding mass action expression would be represented by

Pco,=(CO3 "y+(2H "Y(-H,0)'K~CO,
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Where P, is the partial pressure in atmosphere. For a system open to the atmosphere, P,

is fixed at 10 ** atmosphere (Allison, ef a/, 1993). The new equilibrium constant would be
K =K/P.o,

CHESP computes the adjusted equilibrium constant from the user-specified partial pressure.
To evaluate the effect of P.o, on the mobility of lead or zinc into kaolinite or a
kaolinite mixture, COSTCHESP was simulated using the P, with a pressure which is equal
to atmosphere while the other physico-chemical properties were kept constant, except the
adsorption parameter which was changed for the new concentration. The predicted results
for the total lead transported, migrated, adsorbed, precipitated profiles and the computed
distribution coefficient and diffusion coefficient profiles for KC and KSC are shown in Figs
9.33 to 9.54a-e. The effect of P_,, pressure was not simulated for kaolinite and KS since they
do not have CO, in their composition. As shown in Figure 9.33, for KC soil as the P
pressure increased the retention of lead shifted from the precipitation to the adsorption form

and the precipitated lead was negligibie in both types of soil.
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(a) Total Pb Profiles in KSC (b) Pb Adsorption Profiles in KSC
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9.2.9 The Effect of Depth of Clay liner

Borden and Yanoschak (1990) examined chemical data from monitoring wells at 71
municipal sanitary landfills in North Carolina, U.S.A. Ground water-quality violations were
found for Pb and Cr (18% of sites), and As, Cd and Zn (6% of sites). Although Yanful er al.
(1988) studies at the confederation road landfill site near Sarina, Ontario indicate that heavy
metals migrated a distance of 10-20 cm in 16 years due to high pH (7.8) of the environment
and very high carbonate content (34%) of the clay subsoil.

However, in order to evaluate how the model is sensitive to the depth of clay liner
(using all other parameters constant) the depth of each clay soil was enlarged tc 2 m and
COSTCHESP was simulated. This depth is a reasonable depth in an actual landfill. A time
incerement of 10 days and space incerement of 20 cm were chosed. The prediction was made
for a total of 3600 days (10 years). The predicted results of the total lead transported.
adsorbed and the computed distribution coefficient and diffusion coefficient profiles in
kaolinite and KS clay, after 2 vears, 5 vears, 8 years and ten years, are shown in Figs (9.35a-
d ) and the total lead transported, adsorbed and the computed distribution coefficient and
diffusion coefficient profiles in kaolinite mixtures (KS, KC, KSC) are shown in Figs 9.36a-d
and 9.38a-d, respectively. As expected, the predicted migration profiles show that most of
the lead was retained in the top part of the soil. Very little Pb was migrated at the bottom
of the soil column in kaolinite mixtures due to the high retention of lead in clay soil. The
kaolinite soil has low affinity for the adsorption of lead and thus, lead could migrate at the

bottom of the clay soil.
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(a) Total Pb Profiles in Kaolinite (b) Pb Adsorption Profiles in Kaolinite
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(a) Total Pb Profiles in KS
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(a) Total Pb Profiles in KC
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9.3 Summary

In this Chapter, the importance of various parameters including; heavy metals
concentrations, chloride concentrations, pH of the leachate solution, CEC, SSA, hydraulic
gradient, temperature, CO, pressure and depth of clay liner to the partitioning coefficient,
diffusion coefficient and the migration of heavy metals into different clay barriers has been
discussed. It has been shown that these effects are more considerable in a muiti-component
system. It has been shown that the proposed model is very sensitive to this factor, particularly
when dealing with the mugration of heavy metals into kaolinite which has a very low pH and
does not have any soil constituents compared to the three other soils. It was shown that the
higher the heavy metal or chloride concentrations, the higher hydraulic gradient or the lower
pH of the leachate solution resulted in the increase of mobility of heavy metals in ail types of
the sotl with highest sensitivity in the kaolinite soil. The reduction of CEC or SSA decreased
the adsorption in kaolinite mixture and increase of CEC or SSA reduced the mobility of
heavy metals in kaolinite soil. The higher the temperature, the lower adsorption in kaolinite
and kaolinite mixtures and higher precipitation if heavy metals in kaolinite mixtures. CO,

pressure was found to increase the adsorption of heavy metals in carbonated soit.
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Chapter 10

Conclusions and Recommendations

10.1 Summary

This study was aimed at investigating experimentally and theoretically the coupled
solute transport and geo-chemical reaction of muiti- component heavy metals in clay soil. An
experimental design for coupled solute transport and chemical reaction, based on the column
leaching test in association with the batch equilibrium test for comparison, is proposed. A
COupled Solute Transport and CHemical Equilibrium SPeciation (COSTCHESP) was
developed to simulate the experiment. The proposed model accounts for most of the hydro-
geochemuical interactions of the muiti-components with the clay liner, through the coupling
of the geochemical and transport models. The reliability of the model has been verified by the
laboratory experiments. Then, using the experimental data, long-term migration and retention
behaviour of the heavy metais has been predicted by calibration of the proposed model. The
sensitivity of the parameters in the simulated model has also been evaluated. In the foilowing
sections a summary of the experimental program, proposed model, sensitivity analysis and

the conclusions drawn are given.

10.1.1 Batch TEST and CHESP

In the batch equilibrium test, the role of dissolved organics and inorganics in the
leachate on heavy metals partitioning into different clay soils through a soil suspension test
followed by sequential extraction techniques were investigated. The batch equilibrium test

was carried out in order to have a rough estimation of the adsorption characteristics of each
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heavy metal, and to compare the partitioning coefficient, K, , with the one computed through
the column test. It has been shown that the presence of other contaminants, especially
inorganic and organic complexing agents, affects the distribution coefficient, and it varies
with soil constituents, CEC, SSA and pH of the soil solution. It was also concluded that
EDTA had major a effect on the partitioning of heavy metals in different clay soils compared
to chloride which had a marginal effect. CHESP could provide a reasonable simulation of the
batch test, provided the required parameters were calibrated by the experimental results.
Thus, the K, parameter can have an important effect on the uncertainty associated with the
modelling results. K, is often used as a constant parameter to describe the partitioning of a
contaminant between the ground-water solution and the solid soil matrix. In addition, the
batch equilibrium test which has been used as a tool to measure the distribution coefficient

does not represent the compacted clay liner in field.

10.1.2 Column Test and COSTCHESP Simulation

Column tests are carried out in order to simulate the coupled solute transport and
chemical reaction of multi-component heavy metals. Two types of the experiments were
designed for coupled processes:
1) retention of heavy metals along the clay liner (immobilization), and 2) mobilization of
heavy metals from the contaminated clay liner (remediation/ mobilization). To simulate
immobilization of heavy metals in a multi-component system into a clay liner, the coupled
solute transport and chemical reactions were simulated through the column leaching test,
using kaolinite as a clay material mixed at a predetermined ratio with amorphous silica and
calcium carbonate. The prepared clay soils were leached by the solution of heavy metals
mixed with dissolved organic (EDTA) and chloride, as an organic and inorganic complexing
agent, in an acidic environment. This part of the study was aimed at evaluating how multi-
components affect the mobility of heavy metals into different clay soils, and how different
functions of the soil material contribute to heavy metals retention. The experimental results

were used as a tool to determine the required parameters for the proposed model and its
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calibration.

From the experimental results of heavy metals immobilization into the clay liner, it
is evident that the amount of heavy metals retained in each type of soil depends, not only on
the other contaminants in the solution but also, on the soil solution pH, CEC. SSA, soil
constituents, and type of heavy metal. It was also concluded that a dissolved organic
complexing agent could significantly change the mobility of heavy metals along the clay
liner depth, while the effect of an inorganic complexation such as chloride is trivial. The
partitioning coefficient was increased from the top to the bottom of the column because less
lead is transported to the bottom of the column. K, was reduced as more volumes of the
leachate passed through the soil because more lead is transported into the aqueous phase. In
other words, the K, is time and space dependent, and it varies with the type of the soil, type
of the heavy metal, its concentration and other contaminants in the solution.

To simulate the experimental program and predict the long term migration and
retention behaviour of heavy metals in a clay barrier system, a Coupled Solute Transport and
Chemical Equilibrium Speciation (COSTCHESP) was developed. The model consists of two
main modules, a finite difference transport module (COST), and an equilibrium geochemustry
module (CHESP), which is a modified version of MINTEQAS3 (1993). By making use of the
local equilibrium assumption, the inherent chemical nonlinearity is confined to the chemical
domain. This linearizes the coupling between the physical and chemical processes and leads
to a simple and efficient two-step sequential solution algorithm.

The model was able to simulate both the solute transport and the geo-chemical
reaction of heavy metals with other contaminants and soil compositions in a clay barrier
system. It provides the distribution of heavy metals concentrations (adsorbed, precipitated,
and dissolved ) along the depth of a clay liner to assist in evaluation of the role of the varnious
clay soil solids (clay minerals, amorphous materials, and carbonate) in heavy metals retention
capability as a function of acidity of the leachate. The input of the model includes; the total
aqueous leachate concentrations of all contaminants, total soluble heavy metals concentration,
pH of the solution, geometry of the clay ( hydraulic head, total depth of clay, and the number
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of the layer) and soil constituents concentration and adsorption characteristics of the soil
material (CEC, SSA). COCTCHESP was also applied for the multi-component transport of
heavy metals of the actual leachate into natural soil. The predicted results show that model
ts capable of simulating the complex interactions berween the flow. transport, and geo-
chemical reactions of composite heavy metal with other contaminants along the depth of
column soil at various times. The simulation results also indicates that an a prion selected
distribution coefficient or a retardation factor cannot accurately simulate the behaviour
patterns that arise from complex nonlinear chemical reactions and solute transport. The
prediction results show good accord between the values predicted and the values measured.
[t was also concluded that using an average diffusion coefficient in most of the existing
transport models is not a good assumption for the various individual contaminant
constituents, regardless of soll compositions and other contaminants in solution.

For decontamination or mobilization of the heavy metals from the clay liner, EDTA
at a concentration of 0.01 mole with a pH of 4.5 or sodium acetate at a concentrations of 0.2
with a pH of 5.0 was used as a permeant solution. It was shown that EDTA was very
effective in desorbing lead from all types of clay soil. Sodium Acetate could not effectively
mobilize the lead from the column soil. Lead appeared in the effluent for all types of clay soil
at the first pore volume and could decontaminate the kaolinite or kaolinite mixture (KS, KC,
KSC) to 80 precent at the 3th to 7th pore volumes, respectively. This part of the experiment
was performed to determine how fast different clay soils were decontaminated from heavy
metals and to compute the required parameters for the COSTCHESP. Then, using the
experimental data, long term remediation of the clay liner from the heavy metals was

predicted through the COSCHESP.
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10.1.3 Sensitivity Analysis
Since different parameters have different effects on the solution, the sensitivity of the
parameters in the simulated model was evaluated. The transport of the each component,
especially a non conservative component, is a function of the solution composition and varies
significantly with relatively small changes in the solution parameter. The importance of
various parameters including; heavy metals concentrations, chloride concentrations, pH of the
solution, CEC. SSA. hydraulic gradient, temperature, CO, pressure, coefficient of the
hydraulic conductivity to the partitioning coefficient , diffusion coefficient and the migration
of the heavy metals into different clay barriers has been discussed. It has been shown that
these effects are more considerable in a muiti-component system. It was shown that the
proposed model is very sensitive to these factors, particularly when dealing with the
migration of heavy metals into kaolinite which has a very low pH and does not have any soil

constituents compared to the three other soils.

10.2 Main Conclusion

The study of muiti-component transport of heavy metals in an actual landfill becomes
very complicated due to the various physico-chemical and biological interactions which are
involved. From the experimental results, it is evident that the amount of heavy metals
retained in each type of soii depends on the other contaminants in the leachate, their
concentrations and pH and soil properties such as pH, CEC, SSA, soil constituents, and the
type of heavy metal. The mobility of each heavy metal increases as the pH, CEC and SSA
of the soil decreases or the concentration of the complexing agent, organic or inorganic, was
presented in the leachate.

From the expenmental results of the role of soil inorganic constituents to heavy metals
partitioning it may be concluded that soil constituents have a major role in attenuation of
heavy metals and for the design of a clay barrier this important factor should be considered.
Clay soil barriers should have high CEC, SSA, amorphous and carbonate mineral to have

enough buffer capacity for the retention of heavy metals under the acidic environment.
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However, due to the leachate constituent and soil composition effect on the mobility
of heavy metals, the transport of the solutes in question should be modelled with the bulk
solution composition. The resuits confirm that the distribution coefficient (K,) is a function
not only of the contaminant and a given material, but also of a given leachate chemistry and
the physicochemical properties of the soil liner material. Whereas, most of existing transport
models are based on an adsorption isotherm where physico-chemical interactions are different
from the adsorption of the contaminant in the compacted clay. Thus, the K, approach for
the prediction of pollutants such as heavy metals is not a proper approach for the design of
clay barrier systems since it assumes in one constant a number of effects from a variety of
variables, without an adequate thermodynamically based theory as a support. The effects of
pH, redox conditions, ionic strength, complexation, competitive adsorption, temperature, and
especially soil constituents and the mechanisms of sorption are either assumed constant or
ignored.

Using an average diffusion coefficient for the various individual contaminant
constituents throughout the length of the soil column in most of the existing transport models
is questionable since soil compositions and other contaminants in solution and adsorption
effects are not considered. Also, if one recognizes that the interactions established between
the contaminant and the soil cause continuous alteration in the transmissibility characteristics
of the soil, the procedure which uses the constant diffusion coefficient can only provide
average values since the values of C are obtained at the outlet end of the test sample. These
values can be used with some certainty for cations such as Na and Ca which may reach
their break through concentrations at few pore volumes but for heavy metals which mostly
must be retained in the clay they are not applicable. Thus, whereas a representative diffusion
coefficient should be calculated for individual layers in the soil column, and for each pore
volume passage of effluent, so long as outlet values of concentration are the only set of
values obtained, we cannot calculate the different values of D with depth (length of the soil
sample) and with number of pore volumes of passage of leachate.

It is now accepted that complete characterization of a disposal site is not feasible using

experimental methods alone due to the long time scales involved. Consequently, the use of
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computer-base models can be used to supplement experimental work where conditions do not
permit direct economical measurement. Coupled processes is an adequate technique couid
provide good estimates of the movement and attenuation of contaminants after they are

released into the subsurface system. In this study a coupled solute transport and chemical
reactions were simulated through the column test and an interactive numencal scheme was
developed to evaluate the effect of various physico-chemical processes on the migration of
heavy metals into a clay barrier. Also long term migration, adsorption/desorption and
precipitation /dissolution of heavy metals along the clay barrier were predicted which account
for most of the hydro geochemical interactions of multi-component heavy metals with clay.
Laboratory and numerical modelling are complementary work to the development of an

improved predictive capability.

10.3 Practical Hints

o Design of clay barrier, based on low permeability clay (EPA), questionable since sotl
constituents are not specified.

o Clay soil barriers should have high CEC, SSA, amorphous and carbonate content.

® Use of crushed limestone along with soil liners has been suggested as a means for
immobilization of heavy metals in poor buffer capacity of clay barrier soil. Adding fly
ash to clay soil may have the same influence on immobilization of heavy metals due
to having amorphous silica content.

L For design of clay barrier, heavy metal, other contaminants, complexing agent (i.e.,
Cl, EDTA) concentrations, hydraulic gradient, pH of the leachate, temperature, CO,
, CEC and SSA should be accounted for.

o In Ky approach, the effects of pH, redox conditions, ionic strength, complexation,
competitive adsorption, temperature, and especially soil constituents and the
mechanisms of sorption are either assumed constant or ignored.

L Landfill monitoring is necessary due to remobilisation of heavy metal from the clay

liner either by organic or inorganic complexing agent or acidifying of the environment.
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10.4 Contributions
This research program has been conducted in order to study the the coupled solute
transport and geo-chemical reaction of multi- component heavy metals in a compacted clay
barrier, and to provide an improved understanding of the various physico-chemical
interactions which are involves in the process. The contributions of the present study can be
summarized as follows:
1. An experimental procedure for the simulation of multi-component transport of
heavy metals into different clay soils was designed and the uncertainty of the constant
distribution  coefficient in the contaminant transport modelis has been demonstrated.
2. Based on the experimental resuits, a general mathemical model of multi-component
transport of heavy metals through saturated clay soils in one and two dimensions has
been developed. The features of the proposed model are as follows:
a) the model is able to simulate both the solute transport and the geo-
chemical reaction of heavy metals with other contaminants and soil
compositions in a clay barrier system considering speciation effect, pH
variation, isothermal temperature and CO, pressure effects.
b) the model provides the distribution of heavy metals concentrations
(adsorbed, precipitated, and dissolved ) along the depth of a clay liner to assist
in evaluation of the role of the various clay soil solids (clay minerais,
amorphous materials, and carbonate) in heavy metals retention.
c) the diffusior/dispersion coefficient is considered in the physical process to
be a function of heavy metals concentration.
d) the ion restriction effect due to clay surface negative charges and the
chemico-osmotic effect are accounted for.
e) the site density for the adsorption term is generalized in a manner which
accords with the physico-chemical process.
3. The model for soil remediation, in which, contaminated soil with heavy metals is
desorbed by the addition of a complexing agent has been generalized.

4. A nonlinear optimization technique for the parameter determination in the model
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has been used.

5. The sensitivity of the model to the various parameters has been demonstrated.

6. The program has two friendly users for preparation of the input for the COST and

CHESP. The required parameters for the COST and CHESP can be easily computed

from the column leaching test with a few pore volumes of the effluent.
The program has been written in a two-dimensional form and its appiicability to field data is
more realistic than the column test experiment. This is because the time step for the coupling
between COST and CHESP is long enough and the clay liner depth is many times that of the
column test used in the experiments.

The model is primarily targeted toward the clay liner’s potential for transport and
retention of the multi-component of heavy metals along the soil columns in an acidic solution
but is potentially also applicable to the full range of geochemical scenarios covered including,
aqueous complexation, reduction/oxidation, acid/base reactions, sorption via surface reactions
and precipitation/ dissolution and should be equally useful in the study of other solute

. migration in respect to equilibrium assumption problems.

10.5 Recommendations and Suggestions for Further Studies

The overall performance of the model suggests that this computational tool could be
useful in the study of a variety of problems involving flow and solute transport in soil
continuum such as the selection of the best soil matenials and barrier thickness that retain
contaminants which are generated in landfill sites.

The residual discrepancies between experiment and model predictions could probably
be explained on the basis of a more complete description of sorption equilibria and kinetic
effects. In addition, clay minerals are especially notorious for providing a generous
accommodation of a variety of cations. Such behaviour is impossible to capture in a model
built on simple equilibrium thermodynamics alone. On the other hand, there are some
limitations in terms of the time and space step in the numerical approach, i.e high changes in
soil pH may results in a sudden increase or decrease of ion concentrations and thus, this

‘ sometimes requires a small element size and a short time step, which imposes some limitations
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on the applicability of the equilibrium assumption in the proposed model for the large scale.

As mentioned in the limitation of the proposed model, COSTCHESP could not
simulate the biological activities which may be involved in the organic function of natural
clay. The program was not verified in a two-dimensional form for the actual field. Even
through the computed parameters for the COST and CHESP are based the pore volumes of
the effluent. there is still some doubt to using the same parameter from the lab experiment
for the field and only changing the boundary condition.

Experimental work of this research was performed at room temperature and more
research s needed to evaluate the effect of low temperature, which is the case in North
Amenica. and high temperature which is the case for nuclear waste disposal, on coupled solute
transport and geochemical reaction of heavy metal into clay barrier system. The effect of
colloid transport was neglected in this study. In some cases it may significant influence on
the transport and adsorption of heavy metals.

The model evaluates only the soil’s capacity to retain heavy metals and may not, in
some cases, reflect actual tield conditions where many natural soil variations cannot be
identified. The model may not be applied to unsaturated soil without some modifications. The
successtul application of the model will depend a great deal on our ability to describe the field
system The shortcomings of geochemical modelling are obvious; more empirical laboratory
and field study is necessary to further expand the applicability of the model description of the

vanations found in nature.

10.6 Personal Statement

[ would like to express some personal opinions about the global probiem of
groundwater protection in engineered landfill sites.“ There is a feeling in some environmental
circles that heavy metals contained in solid wastes can be safely disposed of in landfills. This
“safe " feeling is usually based on the notion that heavy metals solubilizing will
subsequently form insoluble carbonates and hydroxides and will also be adsorbed on soil
used as liner . This remark made by E. Yanful et al. (1988), which I came across in the early
stages of my work was perhaps the starting point of a series discussions [ had with Professor
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Yong and some graduate student colleagues, about the philosophy of the work we have been
trying to develop. This is because the physico-chemical interactions of the heavy metals with
other components in the waste materials and soil compositions is yet to be understood. It has
been shown that the partitioning of heavy metals in clay soils depends on other contaminants
in the waste, their concentrations, soil constituents, pH and temperature of the environment.
A prime requirement in proper waste management is to predict or determine the extent of
transport of contaminants, as growth rates of contaminant plumes or concentrations of target
pollutants at specific times and locations from the contaminant source. A good way to gain
some understanding of at least the most relevant of these compiex processes and mechanisms
is through mathematical modelling. This is vital to the success of predictions of the advance
of contaminant plumes in the substrate, and/or distribution of concentrations of target
pollutants at various points of concern and after specific time periods. On the other hand,
sophisticated modelling is nothing but interesting if the parameters that feed these models are
well understood and technically well determined. Consequently, the coupled experiment and
models can provide great contributions to research development There is still a lot of room
tor the development of models which consider all bio-physico-chemical interactions of multi-

component transport in landfill sites.
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SUNROUNTINE INBOUND
INPUT BOUNDARY CONDITION SUNROUNTINE

Decribes characteristics, constants, geometery of the region, number of space and time steps
are given and boundary conditions imposed.

SUBROUTINE POISON

Hydraulic head are calculated by using the gauss over relaxation method

SUBROUTINE TRANS
This subroutine calculates concentrations of conservative components at new time step
using explicit finite difference merhod

SUBROUTINE EXPLIT
This subroutine calculates concenterations at advanced time step using explicit finite
difference merhod for non-conservative componens

SUBROUTINE ENQUIRE

The purpose of this subroutine is to inquire whether the file named FILENAME exists and
return the logical variable FILEXIST as .TRUE. or .FALSE. accordingly.The logical variable
PREEXIST indicates whether the file is supposed to already exist. The character variable
MESSG indicates whether ENQUIRE is to write an error message on the screen if a file that
is supposed to already exist does not or vica versa. The character variable XERR indicates
whether the disposition of the file is as it should be (XERR =N’ for "no error") or not as it
should be (XERR ="'Y" for "error").

SUBROUTINE MINVAL

Calculate machine dependent numeric constants. Determine the number of decimal digits of
REAL precision number and the smallest REAL greater than 1.0. First find the number of
significant binary digits, then convert it to the number of significant decimal digits. Any
machine used today is going to have more than 7 binary digits of precision (actually, we're
cheating, because 1 is added to R2PREC after it is tested. This usually results in 7 decimal
digits of precision, which is usually the case, whereas strictly speaking only 6 decimal digits
are guaranteed, and 6 is usually the result if R2PREC is initialized to 6).
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SUBROUTINE DISPLAY
The purpose of this routine is to display the program title and obtain I/O filenames, and
display execution status information and error messages on the screen while CHESPexecutes.

SUBROUTINE MAIND

This is the main driver for chesp. The program is set up to execute multiple data sets stored
in the same file. This format allows all data sets in the file to be executed even if an error
occurs in one of the files.

SUBROUTINE INFILE

The purpose of this routine is to read the input filename entered by the user in
response to the input filenameprompt displayed on the screen by Subroutine DISPLAY and
OPEN that file is a valid filename is specified. This routine calls ENQUIRE to check on the
existence of of the file prior to OPEN. A code xerr is returned to the calling sub-program
(DISPLAY) to indicate whether a good filename was entered or not or if the user chooses
to exit (idicated by entering).

SUBROUTINE OUFILE

The purpose of this routine is to read the output filename entered by the user in response to
the oyput filename prompt displayed on the screen by Subroutine DISPLAY and OPEN that
file. The filename is passed back to the calling subprogram.

SUBROUTINE DELAY

The purpose of this subroutine is to provide a means of delaying execution of the calling
program for "isec” seconds. The method used is to make an initial call to GETTIM, convert
the hours, minutes, seconds returned to total seconds, then to make repeated calls to that
same routine and, after a similar conversion, to difference the two total seconds. Stop
calling GETTIM and return to the calling program when the absolute value of the difference
exceeds the requested delay time, isec.

SUBROUTINE INPUT

Subroutine input requires 4 input files.

File lun01, contains the run specific information (water analysis)

File lun02, contains thermodynamic data for all specie types except type 6 solids

File 1un03, contains a list of all accepted components and the necessary auxillary
thermodynamic data.

File lun04, contains the thermodynamic data for all type 6 solids.
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SUBROUTINE NXTPRB

The purpose of this routine is to generate the next problem from the initial problem
specification read from the input file and stored on unit 12. This routine is called from
subroutine MAIND after a speciation problem is solved but before the next in a series of
identical problems begins. The series of problems are presented to CHESP as a
single-problem input file with the specifications for changing the pH, eh, or total
concentrations of some component, embedded within it. NXTPRB is called only for
problems that are to be run at a series of fixed activities or total concentrations of some
component.

SUBROUTINE PREP
This routine is called immediately before the iterative loop in main. Its basic functions
are:
1.correct logk values for temperature
2.calculate debye-huckel constants (a&b) as a function of temperature
3.convert all units to molality
4 calculate an initial cation-anion balance

SUBROUTINE GUESS

The purpose of this subroutine is to make better activity guesses for certain
components those for which an equation of some sort is provided below and for which the
flag reguess is not equal to no).

SUBROUTINE ACTVTY
This subroutine calculates
1. Activity coefficients for all species by both the davies and debye-huckel

equations

2. The ionic strength

3. The ionic strength correction for the equilibrium constants by calling kcorr
SUBROUTINE SOLID

This subroutine modifies the a,b,t and gk matrices for the presence of fixed solids.

SUBROUTINE KCORR
This subroutine corrects the equilibrium constants for ionic strength.
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SUBROUTINE SOLVE
This subroutine solves aqueous speciation problem which has been modified for solids

in subroutine solid.

SUBROUTINE SOLIDX
This subroutine modifies the a,b,t,gx,and x matrices following subroutine solve. The
subroutine also selects the type 4 and 5 solids which will dissolve or precipitate this iteration.

SUBROUTINE TSTAMP
Assign the date and time of the excucution of the program.

SUBROUTINE ERROR
Reads/writes the error diagnostics for CHESP errors.

SUBROUTINE INIT
Assign the iteration number.

SUBROUTINE IAP
This subroutine calculates the saturation indices for all minerals and solids in the type
6 file. The indices are calculated one at a time thus requiring memory for only one mineral.

SUBROUTINE DUPCMP

The purpose of this routine is to duplicate (i.e., copy) the TYPE 1 entry "i". The
newly created species will have the id number "idnew" and will also be of TYPE 1 and
identical to the original in all respects. This is useful for preserving the identity of a TYPE
3 species as a TYPE 1 species (Subroutine SWITCH moves fixed component species from
TYPE 1 to TYPE 3 without preserving TYPE 1 identity).

SUBROUTINE POINTER

The purpose of this routine is to load the indices of all non-zero stoichiometry
elements for each species in an array and to store the number of such elements in a
corresponding vector. The array is accessed in subroutine. Solve to avoid the overhead of
multiplying or adding non-zero stoichiometries in mass action and related equations by
“pointing" to non-zero stoichiometries only.
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SUBROUTINE ALKCOR

The purpose of this routine is to calculate the total dissolved concentration of
component 140, CO3-2, from the user-supplied value of alkalinity. The alkalinity is stored
in t(j) where j =the component index corresponding to id # 140. Alkalinity as used here
means that the value supplied represents the acid-neutralizing capacity of the solution as
determined by titrating the solution to the CO2 equivalence endpoint. This corresponds to
an operational definition implemented here which is: The alkalinity is the negative of the
TOTH expression when the components are the principal components at the CO2
equivalence point.

SUBROUTINE GUESSI1
The purpose of this subroutine is to make better activity guesses for certain
components.

SUBROUTINE ADSORB

This subroutine performs all adsorption calculations for the triple layer site binding
modeland for the constant capacitance model the subroutine is broken into three entry points.

Entry adsid initializes some useful constants and locates. The column headers for the
electrostatic components.

Entry adinit initializes the total masses of the surface site and electrostatic
components.

Entry adsjac includes the derivatives of tj/psi(j) for the electrostatic components in the
jacobian.

SUBROUTINE SIMQ
This subroutine solves the jacobian matrix via gaussian elimination and back
substitution.This procedure is faster than gauss-jordan elimination by at least 50%.

SUBROUTINE NEWX
This routine returns the equilibrium constant corrected for temperature.

SUBROUTINE SWITCH

The purpose of this subroutine is to change the type of a specie from type | to Itype. This
requires

changing the row the specie is stored in which is accomplished by calling exrow.
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SUBROUTINE COMPOSIT

This subroutine computes the concentration of a metal/ligand complex where the
ligand is a composite of sites representing various functional groups such that the material
as a whole exhibits a continuous distribution of log K's for binding a given metal. The
distribution is assumed to be Gaussian with a known mean log K and standard deviation
(sigma). Integration over the Gaussian distribution is by means of the Gaussian-Hermite
quadrature using a pre-defined set of points and weights. The contributions to the gradients
are also calculated. These are added to the appropriate elements of the z(i,j) array and are
referred to here as "partial gradients” (Allison, 1993 ).

SUBROUTINE EXROW
This subroutine exchanges rows in the a and b matrices along with the appropriate
row headers.

SUBROUTINE OUTPUT
This subroutine prints the input data as well as the results of the aqueous speciation
and mass transfer calculations. Saturation indicies for all solids are printed in subroutine iap.
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Appendix B

COST Derivation

Coupled Solute Transport (COST) Development (Yong et al., 1992)

The rates of flow (flux), J, and the thermodynamic force, X, related as

Ji=L; X;

for water and solute fluxes in one dimension

d d
water flux J = pp% +ch%
oy,

Jd
—==Vol —(-
0"'62( u)

oz
3 3
solute flux J,=ch%+Lx ;’°
Z Z

J
Ve =Eﬁ-( ~-c) forces due concentration
oz C oz

substituting for each variable and Darcy's law applied to J,, and Fick's law to Js

d K,
or J, —(-C)=0 then [ =—"
Jor J. az( 9 Py, Vol?n

d C
Jor J. 5(—11):0 then L“'=E'D .

: RT Vol,
defining th=V01w?ch K =n —C—L"



COST Derivation
substituting the expressions for L, and L, and knowing

that u= v, x h yields

S Voln§( )_—(C)
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J=

s
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The solute mass flux to a fixed coordinate

T, =1+CV,

J=

obtaining —( -h) subsituting

J=Racy Ko KecdC_p o€, o
K - K b oz oz

h

s

CK"'ic—h) +D —( C)+CV.,
n

The solute mass conservation equation is given by
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K., (ion restriction parameter) = [K,_ (osmotic parameter) x n(porosity)})/ (R x T)

R = gas constant
T = temperture
V,=V,+V,

K, 3
=——(-h
" n az( )
also for

d
Vie=Ke E(C)

References:

Yong, R. N, Mohamed A, and Warkentin, B., (1992), “Principles of Contaminant Transport
in Soils”, Elsevier Publications.
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Adsorption Model in CHESP Program

Electrostatic Adsorption Models

Activity of an ion X of charge z near the surface (Boltzman expression)

X‘: =X :[ e -¢HRT]z

V4 = charge of ion X

{X,’} =activity of an ion x of charge z near the surface
{X*} = corresponding activity of X in bulk solution
¢e"/RT = Boltzman factor

F = Faraday constant
R = ideal gas constant
T = absolute temperature

Charge Balance Equation

Obtain the difference in charge by summing the charges of all species specifically adsorbed
on the plane as:

YO =Z afo Ci_TO’

where
C; = charge of specifically adsorbed components
a; = stoichiometry of the electrostatic component
T, = total charge of plane



Adsorption Model AC2

Total Surface Charge

where

7,=0.1174 I°° sinh(ZpF/2RT)

Z = valency of the symmetrical electrolyte (Z=1)
[ = ionic strength

Constant Capacitance Model
T,=C¢o

Input Concentrations for the Surface Site

SOH:(NI SA Cs)/ NA

N, = surface site density ( number of site/m?)

S, = specific surface are of the solid ( m¥/g)

C, = concentrations of solid in the suspension (g/L)
N, = Avogadro's number (6.02 x 10%)

Protonation Reaction
SOH + H, = SOH",

K = {SOH",}/{SOH} {H",}
[H1=[H le *¥®  thus
_ [SOH,]
* [SOH] [H] [e *77)




Adsorption Model AC3

De-protonation Reaction

SOH - H,® = SO’
x - [SO7) [H] [e ¢
[SOH]

In above equations Boltzman factor incorporated as a component

Adsorption of Divalent Cation M**
SOH + M - H," = SOM"
K= [SOM"] [H,]
[SOHYM']

k- [SOM] [H ] [e +%7)
[SOHIM?"] [ “#7%TY

_ __[SOM'1[H]
[SOH] [M?][e “*7FT]

References:

Davis, J.A. and Kent, D. B. (1990), “Surface Complexation Modeling in Aquepus
Geomistry”, Reviews in Mineralogy Vol 23, Edited by Paul H. Ribbe, Mineralogical Society
of America pp 177-259.
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Sample of Input of CHESP and COST for All Cases

D.1- Column Leaching Tests for Artificial Soil
D.1.1 CHESP Input for leaching lead solution spiked with Sodium Chloride into

Kaolinite

Diffuse Double layer
surfaces.
25.00 MOLAL 0.000 0.00000E-01
‘ 0012300011052
n 180 492 500 600 811
4 2 7
8.174E+00 (CEC) 25.00 (SSA) 1.2000.200 81
4.087E+00 (CEC) 5.00 (SSA) 1.400 0.400 82

330 1.000E-03 -7.00 /H+1
180 5.000E-02 -0.83y /CI-1
500 5.000E-02 -1.82y /Na+1
30 1.000E-07 -16.00 y /A1+3
770 1.000E-05 -16.00 y /H4Si04
492 2.000E-03 -2.70 /NO3-1
600 1.000E-03 -2.18y /Pb+2
813 0.000E-01 0.00 /ADS1PSIo
811 5.580E-02 1.20 /ADSITYPI1
4 1
8603001 -5.7260 35.2800 1.000E-01 /KAOLINITE
6 1
813 0.0000 0.0000 /ADS1PSlo
16
8113300 =1SO- 0.0000 -6.9100 0.000 0.000 0.00 0.00 0.00 0.0000



Input Samples AD.2

0.003 1.000811 -1.000 330 -1.000 813 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8113302 SOH 0.0000 6.1600 0.000 0.000 0.000.000.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 0 0000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8113301 =1SOH2+  0.0000 8.4500 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 O 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116000 =1SOpb+ 0.0000 -7.9300 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 0 0.000 O 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

8115001 sona 0.0000 -5.7000 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000500 2.000813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116002 SOPbOH 0.0000 -5.97000 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000 811 1.000600 -2.000330 0.000 0 0.000 O 0.000 O
0.000 0 0.000 0 0000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

D.1.2- CHESP Input for leaching lead solution spiked with Sodium Chloride into
Kaolinite+Silica gel (KS)

Diffuse Double layer

surfaces.

25.00 MOLAL 0.000 0.00000E-01
0012300011052

n 180 492 500 600 811
4 2 7

6.574E+01 115.00 1.200 0.200 81
1.187E+01 15.00 1.400 0.400 82

330 1.000E-03 -7.00 /H+1
492 2.000E-03 -2.70 /NO3-1
600 1.000E-03 -2.18y /Pb+
180 5.000E-02 -0.83y /Cl-1
500 5.000E-02 -1.82y /Na+1
30 1.000E-07 -16.00 y /Al+3

821 5.370E-02 -3.86 /ADS2TYP1



Input Samples AD.3

811 4.320E-02 -3.88 /ADS1TYP1
823 0.000E-01 0.00 /ADS2PSIo
813 0.000E-01 0.00y /ADS1PSIo
4 2

8603001 -5.7260 35.2800 1.000E-01 /KAOLINITE
2077004 2.7100 -3.9100 S5.000E-02  /SIO2(A,PT)

6 2
813 0.0000 0.0000 /{ADS1PSlo
823 0.0000 0.0000 /ADS2PSlo
2 10
8113300 =1SO- 0.0000 -6.9100 0.000 0.0000.000.000.00 0.0000

0.003 1.000811 -1.000 330 -1.000 813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8113302 =1SOH 0.0000 7.8600 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116000 =1SOpb+ 0.0000 -7.9300 0.000 0.000 0.000.00 0.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8115000 =1SOna 0.0000 -8.1300 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000500 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 O 0.000 O 0.000 O 0.000 0

0 0.000 0 0.000 0 0.000 O

8116002 =SOPbOH 0.0000 -9.97000 0.000 0.0000.00 0.00 0.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8213300 =2SO- 0.0000 -6.9100 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000 821 -1.000330 -1.000823 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8213302 =2SOH 0.0000 6.1600 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000821 1.000330 1.000823 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 O 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8215000 =2SOna 0.0000 -6.1300 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000500 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 O 0.000 O 0.000 O 0000 O



Input Samples AD. 4

0 0.000 0 0.000 0 0.000 O

8216000 =2SOpb+ 0.0000 -9.9300 0.000 0.000 0.000.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 0

0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8216002 =2SOPbOH 0.0000 -9.97000 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 O

0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 0

D.1.3- CHESP Input for leaching lead solution spiked with sodium chloride into
Kaolinite+Calcium Carbonate (KC)

Diftuse Double layer

surfaces.

25.00 MOLAL 0.000 0.00000E-01
0012300011052

n 180 492 500 600 811
417
1.400E+01 35.00 0.000 0.000 81
330 1.000E-03 -7.00 /H+1
180 5.000E-02 -0.83y /CI-1
500 1.000E-03 -1.82y /Na+1
150 1.000E-03 -2.62y /Ca+2
492 2.000E-03 -2.70 /NO3-1
600 1.000E-03 -2.18y /Pb+2
811 5.580E-02 1.20 /ADSITYPI
813 0.000E-01 0.00 /ADSIPSIo
140 1.000E-03 -16.00 /CO3-2
31
3301403 19.9550 -0.5300 /CO2 (g)
4 2

8603001 -5.7260 35.2800 1.000E-01 /KAOLINITE
5015001 8.4750 2.5850 S.170E-02 /CALCITE

6 1
813 0.0000 0.0000 /ADS1PSIo
1 6
8113300 =1SO- 0.0000 -6.9100 0.000 0.0000.000.00 0.00 0.0000

0.003 1.000811 -1.000 330 -1.000813 0.000 0 0.000 0 0.000 0



Inpui: Samples

0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 O 0.000 O

8113302 SOH 0.0000 2.1600 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 0 0.000 0
0.000 0 0.000 O 0.000 O 0.000 O 0.000 O 0.000 O

0 0.000 0 0.000 O 0.000 O

8113301 =ISOH2+  0.0000 -8.4500 0.000 0.0000.000.00 0.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 O 0.000 0 0000 0 0.000 O

0 0.000 0 0.000 O 0.000 O

8116000 =1SOpb+ 0.0000 -7.9300 0.000 0.0000.00 0.00 0.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8115001 sona 0.0000 5.7000 0.000 0.0000.000.00 0.00 0.0000
0.003 1.000811 1.000500 2.000813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116002 SOPbOH 0.0000 -7.97000 0.000 0.0000.00 0.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0O 0.000 O

0 0.000 0 0.000 0 0.000 O

AD.5

D.1.4 CHESP Input for leaching lead solution spiked with Sodium Chloride into

Kaolinite+Silica gel+ Calcium Carbonate (KSC)

Diftuse Double layer

surfaces.

25.00 MOLAL 0.000 0.00000E-01
0012300011062

n 180 140 500 600 811 330
4 2 7

2.574E+01 55.00 1.200 0.200 81

1.187E+01 15.00 1.400 0.400 82

330 1.000E-03 -7.00 H+1
492 2.000E-03 -2.70 /NO3-1
600 1.000E-03 -2.18y /Pb+
180 5.000E-02 -0.83y /Cl-1
150 0.000E-03 -2.62y /Cat2
500 5.000E-02 -1.82y /Na+l
770 0.000E-03 -2.15y /H4Si04

30 0.000E-07 -16.00y /Al+3



Input Samples AD.6

140 5.000E-03 -16.00 /CO3-2
821 5.370E-02 -3.86 /ADS2TYP1
811 4.320E-02 -3.88 /ADSITYPI
823 0.000E-01 0.00 /ADS2PSIo
813 0.000E-01 0.00y /ADS1PSlo
31
3301403 19.9550 -0.5300 /CO2 (g)
4 3

8603001 -5.7260 35.2800 1.000E-01 /KAOLINITE
2077004 2.7100 -3.9100 S5.000E-04 /SIO2(A,PT)
5015001 84750 2.5850 S.170E-04 /CALCITE

6 2
813 0.0000 0.0000 /ADS1PSIlo
823 0.0000 0.0000 /ADS2PSIo
210
8113300 =1SO- 0.0000 -6.9100 0.000 0.0000.00 0.00 0.00 0.0000

0.003 1.000811 -1.000330 -1.000813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8113302 =1SOH 0.0000 7.8600 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000330 1.00081t3 0.000 0 0.000 0 0.000 0
0.000 0 0.000 O 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116000 =1SOpb+ 0.0000 -6.9300 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 O 0.000 0 0.000 0 0.000 0O 0.000 O

0 0.000 0 0.000 0 0.000 O

8115000 =1SOna 0.0000 -8.1300 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000S00 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116002 =SOPbOH 0.0000 -9.97000 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.00081! 1.000600 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 O 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8213300 =2SO- 0.0000 -6.9100 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000 821 -1.000 330 -1.000823 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0000 0O

8213302 =2SOH 0.0000 6.1600 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000 821 1.000330 1.000823 0.000 0 0.000 0 0.000 0



Input Samples AD.7

0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8215000 =2SOna 0.0000 -6.1300 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000500 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8216000 =2SOpb+ 0.0000 -7.9300 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 0

8216002 =2SOPbOH  0.0000 -9.97000 0.000 0.0000.00 0.00 0.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 0

0 0.000 0 0.000 0 0.000 O

D.1.5 CHESP Input for leaching zinc solution spiked with Sodium Chloride into
Kaolinite + Calcium Carbonate (KC)

Diffuse Double layer

surfaces.

25.00 MOLAL 0.000 0.00000E-01

0012300011062

n 180 140 500 950 811 330

4 2 7

1.574E+01 35.00 1.200 0.200 81

2.187E+00 15.00 1.400 0.400 82

330 1.000E-03 -7.00 /H+1
492 2.000E-03 -2.70 /NO3-1
180 5.000E-02 -0.83y /Cl-1
770 1.000E-03 -2.15y /H4Si04
150 0.000E-01 -2.62y /Ca+2
950 1.000E-03 -1.76y /Zn+2
500 5.000E-02 -1.82y /Na+1
30 1.000E-07 -16.00y [Al+3
821 5.370E-02 -3.86 /ADS2TYP1
811 4.320E-02 -3.88 /ADSITYP1
823 0.000E-01 0.00 /ADS2PSlo
813 0.000E-01 0.00y /ADS1PSIo
140 7.000E-03 -16.00 /CO3-2
31
3301403 19.4550 -0.5300 /CO2 (g)

4 2



Input Samples AD.8

8603001 -5.7260 35.2800 1.000E-O1 /KAOLINITE
5015001 84750 2.5850 5.170E-04 /CALCITE

6 2
813 0.0000 0.0000 /ADS1PSlo
823 0.0000 0.0000 /ADS2PSlo
210
8113300 =1SO- 0.0000 -6.9100 0.000 0.000 0.000.000.00 0.0000

0.003 1.000811 -1.000 330 -1.000813 0.000 0 0.000 O 0.000 O
0.000 0 0.000 0 0.000 O 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8113302 =1SOH 0.0000 7.4600 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8119500 =1SOzn+ 0.0000 -8.1300 0.000 0.000 0.000.000.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 0O 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

8115000 =1SOna 0.0000 -8.1300 0.000 0.000 0.000.000.00 0.0000
0.003 1.000811 1.000500 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 0

81195002 =SOznOH 0.0000 -9.17000 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000950 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 O 0.000 0

0 0.000 0 0.000 0 0.000 O

8213300 =2SO- 0.0000 -6.9100 0.000 0.000 0.000.00 0.00 0.0000
0.003 1.000 821 -1.000 330 -1.000 823 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 0

8213302 =2SOH 0.0000 8.1600 0.000 0.0000.000.00 0.00 0.0000
0.003 1.000821 1.000330 1.000823 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0000 O

8215000 =2SOna 0.0000 -7.7300 0.000 0.000 0.000.00 0.00 0.0000
0.003 1.000811 1.000500 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 ©

8219500 =2SOzn+ 0.0000 -8.7100 0.000 0.0000.000.00 0.00 0.0000
0.003 1.000811 1.000950 -2.000330 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 0

0 0.000 0 0.000 0 0.000 O



Input Samples

8219502 =2SOznOH  0.0000 -8.67000 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000950 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

D.2- CHESP Input for Column Leaching Tests in Natural Soil

Diffuse Double layer

surfaces.

25.00 MOLAL 0.000 0.00000E-01
0012300011062

n 180 500 950 600 811 330
5 27

2.174E+01 129.00 1.200 0.200 81

4.087E+00 50.00 1.400 0.400 82

330 4.670E-02 -7.00y /H+1

500 1.522E-02 -1.82y /Na+1

410 4.263E-03 -2.38y /K+1

460 1.822E-03 -2.74y Mg+2

150 2.700E-02 -2.62y /Ca+2

600 6.698E-03 -2.18y /Pb+2

950 1.767E-02 -1.76 y /Zn+2

180 1.500E-01 -0.83y /Cl-1

140 0.000E-02 -16.00 /CO3-2

821 7.370E-02 -3.86 /ADS2TYP1

811 7.320E-02 -3.88 /ADS1TYPI

823 0.000E-01 0.00 /ADS2PSIo

813 0.000E-01 0.00y /ADS1PSlo
31
3301403 19.180 -0.5300 /CO2 (g)
4 2

2046000 -16.7920 25.8400 1.697E-02 /BRUCITE
5015001 8.4750 2.5850 1.170E-02 /CALCITE

6 2
813 0.0000 0.0000 /ADS1PSlo
823 0.0000 0.0000 /ADS2PSIo
2 18
8113300 =1SO- 0.0000 -6.9100 0.000 0.000 0.000.000.00 0.0000

0.003 1.000 811 -1.000330 -1.000 813 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

ADY9



Input Samples AD.10

0 0.000 0 0.000 0 0.000 O

8113302 =1SOH 0.0000 8.4600 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000330 1.000813 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 0

0 0.000 0 0.000 0 0.000 O

8116000 =1SOpb+ 0.0000 -6.9300 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8114100 =1SOk 0.0000 -8.1300 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000410 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8116001 =1SOPbOH  0.0000 -9.97000 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 0

8213300 =2S0- 0.0000 -6.9100 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000 821 -1.000330 -1.000823 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 O 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

8213302 =2SOH 0.0060 7.1600 0.000 0.0000.000.000.00 0.0000
0.003 1.000821 1.000330 1.000823 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8214100 =2SOk 0.0000 -8.1300 0.000 0.0000.00 0.000.00 0.0000
0.003 1.000811 1.000410 -1.000330 1.000813 0.0000 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

8216000 =2SOpb+ 0.0000 -9.9300 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 O
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

8216002 =2SOPbOH 0.0000 -9.97000 0.000 0.000 0.00 0.000.00 0.0000
0.003 1.000811 1.000600 -2.000330 0.000 0 0.000 0 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8119500 =1SOzn+  0.0000 -6.9300 0.000 0.0000.000.00 0.00 0.0000
0.003 1.000811 1.000600 -1.000330 1.000813 0.0000 0.000 0
0.000 0 0.000 0 0.000 0 0.000 0 0.000 O 0.000 O

0 0.000 0 0.000 0 0.000 O

8115000 =1SOna 0.0000 -8.1300 0.000 0.0000.000.000.00 0.0000
0.003 1.000811 1.000500 -1.000330 1.000 813 0.0000 0.000 0



l

Input Samples AD.11

0.000 0 0.000 0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8119502 =1SOznOH 0.0000 -7.17000 0.000 0.000 0.00 0.00 0.00 0.0000
0.003 1.000811 1.000950 -2.000330 0.000 0 0.000 