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FOREWORD

The U S. Environnental Protection Agency (EPA) is charged by
Congress with protecting the Nation's land, air, and water
r esour ces. Under a mandate of national environnental |aws, the
Agency strives to formulate and inplenent actions leading to a
conpati bl e bal ance between human activities and the ability of
natural systens to support and nurture life. To nmeet this
mandate, EPA's research programis providing data and technica
support for solving environmental problenms today and building a
sci ence know edge base necessary to manage our ecol ogical
resources w sely, understand how pollutants affect our health
and prevent or reduce environmental risks in the future.

The National Risk Managenent Research Laboratory is the
Agency's center for investigation of technol ogical and nmanagenent
aﬁproaches for reducing risks fromthreats to human health and
the environnent. The focus of the Laboratory's research program
is on methods for the prevention and control of pollution to air,
| and, water, and subsurface resources: protection of water
quality in public water systems; renediation of contam nated
sites and ground water: and prevention of indoor air pollution
The goal of this research effort is to catalyze devel opment and
i npl enentation of innovative, cost effective environnenta
t echnol ogi es; develop scientific and engineering i nformation
needed by EPA to support regulatory and policy decisions; and
provi de technical support and information transfer to ensure
effective inplenentation of environmental regulations and
strategies.

This publication has been produced as part of the
Laboratory"s strategic |ong-termresearch plan. |t is published
and made available by EPA's office of Research and Devel opment to
afsist the user comunity and to link researchers with their
clients.

E. Tinnthy_CEpelt, Di rector
National Ri sk Managenment Research Laboratory
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EXECUTIVE SUMMARY

The feasibility and efficiency of transporting lead under electric fields are investigated at pilot-scale
in three one ton Georgia kaolinite specimens spiked with lead nitrate sol ution and at an dectrode
spacing of 72 cm. In order to establish the rdation between chemistry and mechanics, enhancement
methods such as cathode depolarization and/or catholyte neutralization techniques are not employed
in processing. A constant direct current density of 133 uA/em2 is applied. Two of the tests are
conducted on specimens spiked with lead at concentrations of 856 mg/kg and 1,533 mg/kg. The
third test is conducted on a | : 1 mixture of compacted kaolinite/sand spiked with lead at a
concentration of 5,322 mg/kg. pH distributions, electric potentia distributions, lead transport,
pore pressures and temperatures developed across the soil mass are presented, evaluated and
discussed. The tests demonstrated that the lead was transported towards the cathode and
precipitated at its hydroxide solubility value within the basic zone in direct contact with the cathode

compartment. Subsequent to 2,950 h of proccssing and an energy expenditure of 700kWh/m3, 55
% of the lead removed across the soil was found precipitated within the last 2 cm close to the
cathode, 15 % was left in the soil before reaching this zone, 20 % was found precipitated on the
fabric separating the soil from the cathode compartment and 10% was unaccounted. The results
demonstrate that heavy metals and species that are solubilized in the anodic acid front can be
efficiently transported by electromigration under an electrical field applied across electrodes placed
in soils. The results also disclose the rdation between chemistry and mechanics in pore fluid
transport and electroosmotic consolidation. In direct response to the changes in electrochemistry,
suction and electroosmotic consolidation prevail in the soil even when egress and ingress of pore
fluidsinto the soil ae allowed at the electrodes.

A mathematical model dso is presented for multi-component species transport under coupled
hydraulic, electric, and chemical potential differences. Mass balance of species and pore fluid
together with charge balance across the medium result in a set of differential equations. Sorption,
agueous phase and precipitation reactions are accounted by aset of algebraic equations.
I nstantaneous chemical equilibrium conditions are assumed. Transport of H*, OH-, Pb2* the
associated chemical reactions, electric potentid and pore pressure distribution across the electrodes
in electrokinetic remediation are modeled. Model predictions of acid transport, lead transport, and
pore pressure distribution display very good agreement with the pilot-scale test results validating



the formalisms offered for multi-component transport of reactive Species under an electric field.
The model aso bridges the gap between the dectrochemisry and mechanics in electroosmotic
consolidation of soils. '

This report was submitted in fullfillment of Cooperative Agreement CR81682801-1 between the
National Risk Management ResearchLaboratory of the U. S. Environmental Pratedtion Agency
and Electrokinetics Inc. The accomptishment presented by the report covers a period from August
1990 to August 1994 and the work is completed as of June 1994.
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Section 1

| NTRCDUCTI ON

The impact Of soil contamination on groundwater resources is becoming increasingly
significant as the disclosed number of unengineered waste containment facilities and contaminated
sites grow and remediation costs increase. The growing size of the problem has given way to a
comprehensive national program that endeavors to encourage waste reduction, advance treatment,
and disposal of hazardous wastes. Asaret, a Resource Conservation and Recovery Act
(RCRA) has been enacted in 1976 and amended severa times since its enactment, most importantly
by the Hazardous and Solid Waste Amendments of 1984 (HSWA). Over 500,000 companies
and/or individuals in the United States who generate over 172 million metric tons of hazardous
waste each year must comply with the RCRA regulatory program (Arbuckle et a. 1989). In 1980,
Congress established the Comprehensive Environmental, Response, Compensation, and Liability
Act (CERCLA), usualy referred to as the Superfund, which is subsequently reauthorized by
Superfund  Amendments Reauthorization Act (SARA) of 1986. Both CERCLA and RCRA seek t0
provide a veil coverage of the hazardous waste problem. While RCRA is designed as a regulatory
program for present and new hazardous waste sites, CERCLA establishes a comprehensive
response program for the past hazardous waste activities. According to CERCLA, o

... Whenever there is a release or substantial threat of release into the environment of any
hazardous substance or pollutant or contaminant under circumstances where the pollutant or
contaminant may present an imminent and substantial danger, EPA is authorized to
undertake removal and/or remedial action

Remova and remedy differ in that remova is a short-time limited response to a more
manageable problem while remedy is a longer-term more permanent and expensive solution
for a complex problem.

From among the over 40,000 sites reported to United States Environmental Protection
Agency (USEPA or EPA) which might need remedial action, about 2,000 sites are listed as
Superfund sites. While the estimated remediation cost for the Superfund sitesis 50 billion dollars,
the total estimated cost for al the contaminated sites may run up to 350 billion dollars. Figure 1.1
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Figurel.l:  Edtimated Number of Contaminated Sites and Clean-up Costs in the US (Adapted
from Morse 1989).
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presents an estimate of the number of contaminated sites and the associated cleanup cost reported
by different state agencies in the United Stares (Morse, 1989).

In 1980, CERCLA has required EPA to develop and to provide criteria for determining
priorities among sites that require remedial action and to devdop and maintain a Nationa Priority
List (NPL). Under BPA regulations, these sites are eligible for remedial action. Although 149
sites have been deaned and removed from the NPL since Superfund's inception, the list continues
to grow. Recently, EPA added 33 new sites bringing the NPL total to 1250 sites (Austin, 1993).

A variety of options may exist to select a cleanup remedy at a site; however, the efficiency
and costs of these options may vary widely. Accordingly, the decision of “how clean is clean?”’
and “how expensive is expensive?’ is taken independently for each site by the EPA  Although
conventional ground buria and land disposal are often economical, they do not provide the best
solutions, and in some cases they are not necessarily the most effective solution. There exists an
everlasting need to introduce new, innovative, and preferably in-situ remediation technologies.
Several such schemes are introduced in the last decade including incineration,
solidification/stabilization, bioremediation, dechlorination, flushing, vitrification, washing, thermal
desorption, vacuum extraction, and chemical treatment (EPA 199 1). Each technology exhibits
certain advantages and limitations in remediating a myriad of organic/inorganic contaminants
encountered in different types of soil deposits. Asan example there isagrowing use of vacuum
extraction technique for removing organic contaminants. This technology favors partially saturated
deposits having relatively high hydraulic conductivities (silt and sand). The technique is ineffective
In removing inorganic contaminants. There is not one specific technology that can be considered
as apanaceato dl types of contaminants and soil deposits (Acar et al. 1992a).

A major limitation of the most successful remediation technologies, such as vacuum
extraction and soil flushing, is that they are restricted to soilswith high hydraulic conductivity and
hence, cannot be used for fine-grained deposits. Furthermore, they are not specificaly effective in
removing contaminants adsorbed on thesoil particles (such as pump and treat). Such adsorption
may pose threat for ground water and plant contamination.

The challenging demand to develop new, innovative and cost effective in-situ remediation

technologies in waste management stimulated the vision to employ conduction phenomena under
electrical currents as a soil remediation technology (Acar and Alshawabkeh 1993; Acar et .
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1993a). This technology uses low level DC dedricd potential differences (ii the order of few
volts per cm) or electrical currents (in the order of milliamps/em? of soil cross sectional area) across
asoil mass gpplied through inert electrodes placed in an open flow arrangement. The application
of low level DC across electrodes placed in holes filled with fluid in a soil mass causes
physicochemicai and hydrological changes in the soil-water-dectrolyte medium leading to
contaminant transport and removal. The applied electric current (or eectric potentia difference)
leads to electrolysis reactions at the electrodes generating an acidic medium at the anode and an
akaline medium at the cathode. The acid generated at the anode advances through the soil towards
the cathode by different transport mechanisms including ion migration due to electrical gradients,
pore fluid advection due to prevailing dectroosmotic flow, pore fluid flow due to any externally

applied or internally generated hydraulic potential difference, and diffusondue to generated
chemical gradients. The alkaline medium developed at the cathode will first advance towards the
anode by ionic migration and diffusion; however, the mass transport of H+ will neutralize this base
front, preventing its transport towards the anode. Acidification of the soil causes desorption of the
contaminants. Species present in the soil pore fluid, or desorped from the soil surface, are
transported towards the electrodes depending on their dectric charge. The driving mechanisms for
species transport are the same as the acid-base transport mechanisms. As a result, cations are
accumulated at the cathode and anions at the anode while there is a continuous transfer of hydrogen
and hydroxyi ions into'the medium. various bench scae. studies have shown that heavy metals
and other cationic species can be removed from the-soil either with the effluent or deposited-at or
dose to the cathode (Hamed 1990; Hamed et a. 1991; Eykholt 1992; Wittle and Pamukcu 1993;

Acar et a. 1993).

The demonstrated feasibility of dectrokinetic soil remediation through bench-scale studies
necessitates a pilot scale study investigating the effect of up-scaling bench scale experiments on the
efficiency and performance of the process. Furthermore, a comprehensive theoretical model which
accounts for the transport mechanisms and the physicochemical changes associated with the
process is required. The predictions of the theoretical model should be compared with the results
obtained in pilot-scale experimental mode. The developed theoretical modd is expected to provide
the basis for a comprehensive design/analysis tool for the different boundary conditions, site
specific contamination and variable soil profiling encountered in full scale implementation of the
process. Such a theoretical model will also alow assessment of the principles of multi species
transport under electric fields.
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1.1 Objectives

The objectives of this study are identified as:

1.

to investigate the feasibility and efficiency of field-scale electrokinetic soil
remediation by conducting pilot-scale laboratory tests with Pb(Il) loaded
kaolinite and kaolinite/sand mixture. The size of the samplesis chosen to simulate
one-dimensional conditions and to represent an intermediate Scae between
bench-scale and full-scale in-situ remediation,

to monitor and investigate the changes expected in electrical, chemical and
hydraulic potentials, and geophysicochemical properties of the soil-water-
electrolyte medium during processing,

to provide atheoretical model, numerical solution algorithm and a computer code
for coupled transient transport of fluid, charge, and chemically reactive species
under hydraulic, electric, and chemical gradients,

to evauate the necessary soil properties and model parameters required by the.
theotical model in predicting the pilot-scale experimental model resuits, and

to evaluate the theoretical model developed for dectrokinetic soil processing
through comparisons of the chemical, electrical, and hydraulic potentials
obtained from theoretical model with measurements made in the experimental
model.

1.2 Scope

The study is aimed to investigate, theoretically and experimentally, the complexity of
changes in chemical, electrical, and hydraulic potentials, and physicochemicd properties of soil-
water-electrolyte medium associated with removing contaminants by application of a DC current.
Two bench-scale tests on Pb?*spiked kaoiinite, two pilot-scale laboratory tests on Pb2* |oaded
kaolinite, and one pilot-scale test on Pb2* spiked kaolinite/and mixture are conducted. The size of
these samples is chosen to simulate one-dimensiona conditions and to represent an intermediate
scale between bench-scale and full-scale in-situ remediation. One-dimensional conditions are
selected since two-dimensional conditions will result in spatial variability in electrical gradients
both due to the changing chemistry and also due to the electrode geometry unduly complicating
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evaluation of the results. The effect of spatia variability in the dectrica gradients due to the
electrode configuration and geometry is not included as a variable in this study.

Tests are conducted for only removal of lead species from the specified soil samples. Lead
is chosen for this study for the following reasons,

it isthe most identified species in hazardous waste sites listed in the NPL (Figure 1.2),

bench-scal e studies demonstrate that it can be removed successfully at relatively high

concentrations (1,500 pg/g from kaolinite, Hamed et al. 1991; and 9,000 pG/g from fme

argillaceous sand, Lageman 1989, 1993),

itishighly retarded by clayey soils and it is hypothesized that lead removal by the process
may implicate the feasibility of removing other less retarded ionic species. However, the
validity of this hypothesis depends upon the chemistry of the species in the concern and
surface chemistry of the soils,

lead poisoning can occur by digestion or inhaling which would minimize the health and
safety hazard in laboratory studies, specialy pilot-scale tests, when comparing it with
radionuclides or other contaminants, and

current research work on electrokinetic soil remediation involves conducting field-scale
remediation of a lead contaminated site at Ethyl Corporation, Baton Rouge. This makes the
study a perfect link between bench-scale tests and the first field application of electrokinetic
soil remediation in the United States.

Modeling lead removal by eectrokinetics is chosen for this study in an attempt to evaluate
the current understanding of the technology and to check the validity of the theoretical model
presented. Though variouscations and anions might be present in the soil pore fluid at different
concentrations, only four ions are included in this model. These are Pb2* the contaminant of
concern, NQry, since lead nitrate salt is used for the experiment, and H* and OH- because they are

necessary in describing the acid/base distribution that has a great influence on the pore fluid
chemistry. Dramatic changes in the concentration of these ions will result in different chemical
reactions. Chemical reactions included in this model are the reactions describing
precipitation/dissolution of lead hydroxide (Pb(OH),) thewater auto ionization reaction, and

sorption reactions. Two approaches have been developed and used in the literature to describe

chemica reactions, instantaneous equilibrium approach and kinetics approach. '
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For several species, chemical reactions, specialy precipitation/dissolution and sorption
reactions, have been found to vary with time before reaching equilibrium. It may be more
appropriate to use kinetics approach to model these reactions; however, this will unduly complicate
the modeling effort and it will require an independent investigation of each reaction kinetics.
Furthermore, chemical reactions involved in this study are expected to reach equilibrium at a very
short time. Sorption reactionsin low activity soils and precipitation reactions of heavy metals in
solutions often take minutes to reach chemical equilibrium.  On the other hand, processes related to
the transport of these chemical speciesin fme grained deposits under eectric, hydraulic and
chemical gradients are siow compared to the rate of sorption or precipitation reactions.
Consequently, the ratio of the rate of chemical reactions to the rate of transport of heavy metalsin
low activity fine grained deposits is expected to be high enough to meet the assumption of
instantaneous equilibrium for these chemical reactions.

1.3 Organization of the Manuscript

The manuscript contains 8 (eight) Sections that covers the work conducted. A brief
summary of the contents of these Sections is presented inthis section.

Section 2 describes various electrokinetic phenomena, in soils and principles of
electrokinetic soil remediation The effects of application of anelectric aurrat through a saturated
soil medium on the physicochemicai properties of the medium are discussed. Electrolysis reactions
at the electrodes, changes in the soil pH and their effect on sorption and precipitation/dissol ution
reactions, and transport mechanisms are addressed. Potential uses of electrokinetic phenomena in
different aspects of environmental geotechnics are presented. This Section also summarizes
available literature on electrokinetic soil remediation which is divided into two parts; experimental
and theoretical. The experimental part covers bench-scale studies conducted by various researchers
together with the feasibility and cost efficiency of the technique and limited pilot-scale studies
conducted in the field. The theoretical part summarizes and reviews different attempts of numerical
simulations of contaminant transport under electric fields.

Section 3 presents the theoretical development and mathematical formulation attained in

electrokinetic soil processing. This Section describes the coupled fluxes of fluid, mass, and charge
under hydraulic, electric, and chemical concentration gradients. Principles of conservation of
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matter and energy are applied to these fluxes resulting in partial differential equations describing the
coupled transient hydraulic, electric, and chemical potentials distributions. Chemical reactions in
the soil pore fluid, such as sorption and precipitation/dissolution, are.decriribed by algebraic
eguations employing laws of mass action. The resulting differential/algebraic equations are
summarized for a system of reactive chemical speciesin the soil pore fluid. Findly, this Section
describes the resulting system of equations, initial and boundary conditions for modeling soil pH
and modeling lead transport and removal by electrokinetic soil processing

Section 4 summarizes different numerical schemes that could be used to solve the
developed system of differential and algebraic equations and explains the iterative scheme utilized
for this study. This Section aso describes the finite element approach and the variational
formulation used to solve the system of differentid equations. The isoparametric element used,
formulation of local and global matrices, and the technique utilized for matrix inversion are
summarized.

Section 5 presents design of the bench-scale and pilot-scale experiments conducted in this
study. Size and shape of the container and soil samples together with type and configuration of the
electrodes are described. The procedure used for mixing and compacting kaolinite with lead is
discussed. A description of the probes and instruments used for measuring voltage distribution,
soil suction, temperature, and pH is provided. The implemented data acquisition system is
summarized and the procedures used for soil sampling and chemical analysis are presented.

Section 6 presents the results and analysis of the experimental work. Changes in soil,
catholyte, and anolyte pH, find water content, and voltage distribution of d1 bench-scale and pilot
scale experiments are presented, analyzed, and discussed. This Section discusses the effects of the
electrochemical changes during processing bench-scaie and pilot-scale specimens and their impact
on the electric and hydraulic potential distributions. Significance of the different lead transport
mechanisms under the applied dectric gradient are discussed. Find lead distributions across the
soil and removal efficiencies for these experiments are presented. Energy expenditure and-cost for
these experiments are evaluated.

Section 7 describes the results of the numerical model and the results of the computer code
developed for lead transport and removal under eectric fieids. Comparisons between the results of
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the model with the results of the pilot-scale experiment with initial lead concentration of 5322u g/g

are prcsentcd.
Section 8 summarizes the findings and conclusions of the study. Recommendations for

future research are presented. Program listing, a list of t éinput and output files, and data
generated in bench-scale and pilot-scale tests are presented in Appendices A through D.
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Section 2

BACKGROUND

2.1 Introduction

Multi-species transport unde r éectric fiddsis an areathat is gaining increasing attention
and interest. Species transport mechanisms under electric fields are envisioned to-be employed in
remediating soils from inorganic and organic species (electrokinetic remediation), injection of
microorganisms and nutrients in bioremediation, injection of grouts in soil stabilization and waste
containment, soil and pore fluid characterization and Soedesextraction using penetrating probes,
diversion systems for contaminant plumes, and leak detection systems in containment barriers
(Acar and Gale 1986, Acar et aL 1989). Bench-scale and limited pilot-scale studies in electrokinetic
remediation demonstrate that the technique has sgnificant potential. It becomes necessary to gain a
better understanding of multi-species transport mechanisms both in an effort to critically evduate
the fundamental basis of the processes and a so to develop the necessary design/analysistoolsin
engineering the implemented techniques.

2.2 Electrokinetic Phenomena in Soils

Generally, discret e clay particles have a negative surface charge that influences and controls
the particle environment. This surface electric charge can be developed in different ways, including
the presence of broken bonds and due to isomorphous substitution (Mitchell 1993). Thereupon,
the clay particle-water-electrolyte system is usudly considered to consist of three different zones;
the clay particle with negatively charged surface, pore fluid with excess positive charge, and the
free pore fluid with zero net charge (Figure 2.1). The net negative charge on the clay particle
surfaces requires an excess positive charge (or exchangeable cations) distributed in the fluid zone
adjacent to the clay surface forming the diffuse double layer. The quantity of these exchangeable
cations required to balance the charge deficiency of clay is termed the cation exchange capacity
(CEC), and expressed in milliequivalents per 100 grams of dry clay.

Several theories have been proposed for modeling charge distribution adjacent to clay
surface. The Gouy-Chapman diffuse double layer theory has been widely accepted and applied to
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describe clay behavior. A detailed description of the diffuse double layer theories for a single flat
plate is found in Hunter (1981), Stumm (1992), Mitchell(1993), and Y eung (1993).

Electrokinetics is defined as the physicochemical transport of charge, action of charged
particles, and effects of applied electric potentials on formation and fluid transport in porous media.
The presence the diffuse double layer gives rise to several electrokinetic phenomenain soils,
which may result from either the movement of different phases with respect to each other including
transport of charge, or the movement of different phases relative to each other due to the
application of electric field. The electrokinetic phenomena incdude electroosmosis, electrophoresis,
streaming potential, and sedimentation potential. Electroosmosis is defined as fluid movement with
respect to a solid wall as aresult of an applied electric potentid gradient. In other words, if the soil
is placed between two electrodes in afluid, the fluid will move from one side to the other when an
electromotive force is applied. Electrophoresis is the movement of solids suspended in aliquid due
to application of an electric potential gradient. Streaming potential is the reverse of electroosmosis.
It difinesthe generation of an electric potentia difference due to fluid flow in soils. Sedimentation
(or migration) potential, known as Dorn effect (Kruyt 1952), is an electric potential generated by
the movement of particles suspended in aliquid. Figure 22 dispiays the electrokinetic phenomena
identified herein.

Under certain conditions, electroosmosis will have a significant role in electrokinetic soil
remediation. Severa theories are established to describe and evaluate water flow by
electroosmosis; the most common being the Helmholtz-Smoluchowski theory, Schmid theory,
Spiegler friction model, and ion hydration theory. Descriptions of these theories are given in
Casagrande (1952) , Gray and Mitchell (1967), and Mitchell (1993). Helmholtz-Smoluchowski
model is the most common theoretical description of electroosmosis and is based on the
assumption of fluid transport in the soil pores due to transport of the excess positive charge in the
diffuse double layer towards the cathode (Figure 2.3).

2.3 Heavy Metals in Soils
The term “heavy metals’ is adopted as a group name for metals and metalloid that are

associated with pollution and toxicity. The term also includes some elements which are essential
for living organisms at low concentrations (Alloway 1990). Generd classification of heavy metals
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is based on the atomic density of 6 g/em3 or greater. Studies of heavy metals in ecosystems have
indicated that many areas near urban complexes, metalliferous mines or major road systems contain
anomalously high concentrations of theseelements. In particular, soils in such regions have been
polluted from a wide range of sources with Pb, Cd, Hg, As, and other heavy metals. Some
recently have shown concerns that we may be experiencing a silent epidemic of environmental

metal poisoning from the ever increasing amounts of metals discharged into the biosphere (Brady

1984; Alloway 1990).

As, Ag, Cd, Cu, Hg, Pb, Sh, and Zn are naturally encountered in the top (surface)
horizons of the soil rather than the lower horizons due to the effect of cycling through vegetation,
atmospheric deposition, and adsorption by the soil organic matter. Though natural concentrations
of heavy metasin soils are not high, polluted or contaminated soils exist due to one or more of the
following reasons (Alloway 1990),

* the use of leaded petrol for motor vehicles has been responsible for atmospheric
pollution and consequently deposition in soils,

the disposal of urban and industrial wastes can lead to soil contamination from the
deposition of aerosol particles emitted by incineration of materials containing
metals. The unauthorized dumping or disposal of items containing metals, ranging
from miniature dry-cell batteries (Ni, Cd+ and Hg) to abandoned cars and car
components, such as Pb-acid batteries, can give rise to small areas of very high
metal concentrations in soils. The disposal of some domestic waste by burning on
garden bonfires or buria in the garden can also result in localized high
concentrations of metals, such as Pb, in soils used for growing vegetables,

organic manures which include poultry manures that may contain high
concentrations of Cu or As fed to improve food conversion efficiency. Sewage
sludge usually contain relatively high concentrations of several metals, especially
those from industrial catchments,

contribution of metallurgical industries due to emissions of fumes and dusts

containing metals which are transported in the air and eventually deposited onto
soils and vegetations, effluent which may pollute soils when watercourses flood,
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and creation of waste dumps from which metas may be leached and thus pollute
underlying or nearby soils,

e the mining and smelting of non-ferrous metals have caused soil pollution which
dates back to Roman times and earlier in some places, athough most has occurred
since the Industrial Revolution. Metas are dispersed in dusts, effluent and seepage
water. Tailings discharged into watercourses have polluted alluvial soils downriver
from mines during flooding especially when the dams in lagoons fail,

the combustion of fossil fudswhich results in the dispersion of many elementsin
the air over alarge area. The disposal of ash is a further source of heavy metals,
and

agricultural fertilizers and pesticides which usually contain various combination of
heavy metds, dther asimpurities or active constituents.

2.4 Soil Contamination With Lead

Soil contamination with lead has lbbaandocumented to result from the use of different
chemical forms of leadin petrol, paints, batteries, and pesticides, due to smelting of metals and
mining, and due to disposal of lead-acid storage batteries (Harrison and Laxen 1981). Figure 1.2
displays that lead is the most frequently identified species in soils among the 1217 sites listed on
the NPL in 1989. Soil contamination with lead at high concentrations such as 100,000 pg/g (10%
by weight) is not uncommon.

Compared with most other contaminants, lead has a tendency of long residence timein
soils. Together with its compounds, as lead accumulates in soils and deposits it remains accessible
to the food chain and human metabolism far into the future. Detrimental effects associated with lead
have been recognized for along time. Lead is poisonous, and there are fears that body burdens
below those at which clinical symptoms of lead toxicity appear may cause mental impairment in
young children (Harrison and Laxen 1981). Clinical symptoms associated with lead poisoning
include anemia, various digestive disorders, and central nervous system effects. Currently, no
widely accepted remediation or treatment technology exists for lead-contaminated hazardous waste
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sites. The most common treatment methods for lead contamination are containment or landfill

disposal.

2.5 Principles of Electrokinetic Soil Remediation

Electrokinetic soil remediation technology uses alow level direct current, in the order of
milliamps per cnt of soil cross-sectionail area, to transport and remove species from soils.  Upon
application of a low level direct current the soil water-electrolyte system undergoes
physicochemical and hydrological changes leading to contaminant transport and removal. The
applied electric current (or electric potential difference) leads to electrolysis reactions at the
electrodes, acid-base distribution drive by chemical, eectrica, and hydraulic potential differences,
adsorption/desorption  and precipitation/dissolution reactions, transport of the pore fluid and ions,
and electrodeposition. These on-going physico-chemica processes are reviewed in the following
subsections.

2.5.1 Electrolysis Reactions

Application of direct eectric current through electrodes immersed in water induces
electrolysis reactions in the immediate vicinity of Electrodes. Oxidation of water at the anode
generates an acid front while reduction at the cathode produces a base front by the following
electrolysis reactions,

2H,0-4¢ @ O, [+4H* E0=-1229 (anode) 2.1)
2H,0 +2¢" 'H,1 +20H" E°=-0.8277 (cathode) (2-2)

Secondary reactions may exist depending upon the concentration of available species, eg.,

2H +2¢ -H,! E°=0.0 (reference) (2.3)
Me*t + ne- -Me(s) (2.4)

where E° is the standard reduction electrochemical potential, which is a measure of the tendency of
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the reactants in their standard states to proceed to products in their standard statés, and Me refers to
metals. Table 2. | presents standard reduction electrochemical potentials for different electrolysis
reactions in agueous solution at 25° C. The prevailing of electrolysis reactions at the electrodes

depends on the availability of chemical species and the eletrochemical potentials of these reactions.
Although some secondary reactions might be favored at the cathode because of-their lower
electrochemical potential, the water reduction half reaction (H,0/H,) is dominant at early stages of
the process (the first two to three weeks of processing bench-scale tests). At later stages, the acid
front advances towards the cathode carrying H+ and the cationic contaminants and half cell

secondary reactions (H*/H,) or (Me™/Me(s)) arc expected to dominate. Within the first 100 hours

of processing, electrolysis reactions will drop the pH at the anode to below 2 and increase it at the
cathode to above 12, depending upon the total current applied (Acar et d. 1990,1993).

2.5.2 Changes in Soil pH

The acid generated at the anode will advance through the soil towards the cathode. This
advance is governed by different trangoort mechanisms including ionic migration due to electrical
gradients, pore fluid advection due to the prevailing electroosmotic flow, pore fluid advection due
to any externally applied or internally generated hydraulic potential differences, and-diffusion due
to concentration gradients. These transport mechanisms are discussed in more ddal hereinafter.
The akaline medium developed at the cathode due to produétion of OH- will initially advance
towards the anode by diffusion and ionic migration; however, the counterflow due to
eectroosmosis will retard this back-diffusion and migration: The advance of this front-towards the
anode will be much slower than the advance of the acid front towards the cathode because of the

counteracting €lectroosmotic flow and also because the ionic mobility of H* is about 1.76 times
that of OH-. As a consequence, the acid front dominates the chemistry across the specimen (Acar et

al. 1990; Alshawabkeh and Acar 1992; Acar and Alshawabkeh 1994). Figure 2.4 displays
development of the acid/base profile across a 10 cm length cylindrical Georgia kaolinite specimen

processed under one-dimensional conditions at a current density of 12.5 pA/cm? (Acar et al.
1990).

The decrease in pH value in the soil depends on the amount of acid generated at the anode
(Acar et a. 1990,1993a) and the buffering capacity of the clay. Yong et al. (1990) investigated
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Table 2. I:

Standard Reduction Electrochemical Potentials in Aqueous Solution at 250 C(Kotz

and Purcell 1987).

Reduction Half Reaction E° (V)
Fy + 2e~ — 2F- +2.87
H,Oq(aq) + 2H*(ag) + 2¢= — 2H,0() +1.77
Autt + e —  Au(s) +1.50
Hg** + 2e —  Hg(l) +0.8535
Ag¥(ag) + e~ —  Ag(s) +0.80
Fe*t(aq) + ¢ — Fet* +0.771
O:(g) + HO() + 4e” - 40H™ - +0.40
Cu?t + 2~ — Cu(s) +0.337
Sntt + 2e — .Sn2+ +0.15
2H*(aq) + 2~ —  Hag) 0.00

Sn?*t(aq) + 2e- —  Sn(s) -0.14

Ni**(aq) + 2¢ —  Ni(s) -0.25

Cd**(aq) + 2e~ —  Cd(s) -0.40

Fe**(aq) + 27 - ... . == Fefs) = - 044
Zn**(aq) + 2e” | —  2Zn(s) | -0.763
2H,0(1) + 2e- —  Hy(g) + 20H (aq) | -0.8277
APt(aq) + 3e~ —  Al(s) -1 -1.66

Mg**(aq) + 2e —  Myg(s) -2.37

Na*(aq) + e~ —+  Na(s) -2.714
Li*(aq) + e~ —  Li(s) -3.045
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the buffering capacity ofvarious types of clays and demonstraied that the cation exchange capacity
and the organic content highly influence the soil PH. Furthermore, the study showed that kaolinite
has low buffering capacity compared with different types of dayey soils.

2.5.3 Sorption Reactions

Heavy metds and other positively charged species are highly atracted and adsorbed on the
negatively charged clay surfaces. Metas have different sorption characteristics and mechanisms
that are also dependent upon the adsorbents. Sorption mechanisms include surface complexation
(adsorption) and ion exchange. The adsorbents show differences in selectivity sequences for
different metals. Table 2.2 demonstrates that lead, compared to other metals, is highly attracted and
adsorbed by various clay types.

Desorption of heavy metals from the clay is essentia for the remedy to be efficient in
contaminated fine-grained deposits. The adsorption/desorption mechanism depends upon the
surface charge density of the clay mineral or CEC, characteristics and concentration of the cationic
species, and existence of organic matter and carbonates in the soil. Furthermore, the
adsorption/desorption  mechanism is pH dependent. An increase in H+ concentration associated

with a decrease in pH results in desorption of cations by an amount controlled by the soil type
(Maguire et d.1981 Harter 1983;:and Yong et d. 1990). Therefore, acidification of the soil by the
electrolysis reaction at the anode is a fundamental mechanism that assistsin desorption of these

species (Figure 2.5).

2.5.4 Precipitation/Dissolution

Dramatic changes in the soil electrochemistry throughout electrokinetic soil processing
results in different chemical reactions including precipitation/dissolution of salts and soil minerals.
Species transport in soil pore fluid is highly influenced by formation and dissolution of these

precipitates.

The base front generated by electrolysis at the cathode will cause precipitation of most
heavy metals and actinides. The amount of precipitate differs from one speciesto another and it is
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Table 2.2: Sdectivity of Different Soil Types for Divalent Metals (Alloway 1990).

Adsorbent

Sdlectivety Order

Montmorillonite( Na)

Hhite\B

Kaolinite( Na)

Smectitie, Vermiculite, and Kaolinite
Albite, Labradorite :
Mineral soil on marine clay,

Peat.

Ca>Pb>Cu>Mg>Cd>Zn>Ni
Pb>Cu>Zn>Ca>Cd>Mg
Pb>Ca>Cu>Mg>Zn>Cd

Zn >Mn.> Cd > Kg
Zn>Cd>Mn>Kg
Pb>Cu>Zn>Cd>Ca
Pb>Cu>Cd=Zn>Ca
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Figure 25: A Schematic Representation of Protons Displacing Lead from the Soil Surface and
Transport of Both the Protons and Lead towards the Cathode (Acar et d. 1993).
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highly dependent on soil and-pore fluid pH. Though the advance of the acid front generated at the
anode will cause dissolution of most precipitates encountered, each precipitation or dissolution.
reaction is treated independently depending upon the solubility product constant. Acar et al. (1993)
and Acar and Alshawabkeh (1993) recommend the use of different enhancement techniques in
order to remove these precipitates from the cathode tine. The advance of the acid front gcnerated at
the anode is also expected to cause dissolution of day minerals. Kaolinite dissolution, whichis pH '
dependant, generates different chemical forms of aluminum and silica. The impact of minera
dissolution on the efficiency of electrokinetic soil remediation has not yet been investigated.
However, Ugaz et a. (1994) investigated the effect of using acid washed soil sections near the
cathode on the efficiency of the process for removal of radionuclides from kaolinite. The study did
not show any significant influence of acid washing soil sections near the cathode prior to
processing on species transport.

2.5.5 Contaminant Transport, Capture, and Removal

Free chemical species present in the pore fluid and/or desorped from the soil surface will be
transported towards the electrodes depending upon their charge. The primary driving mechanisms
of species transport are the same as the acid or base transport mechanisms. |on migration,
advection, together with diffusion will contribute to the movement of species through the soil
mass. At zones of high pH, both precipitation and sorption will retard species transport

Asareault of transport of chemical speciesin the soil pore fluid, cations will collect at the
cathode and anions at the anode. Heavy metals and other cationic species will be removed from the
soil either with the effluent or they will be deposited at the cathode. Treatment of the effluent (such
asion exchange or resin columns) could be used for removal of the excessions. Figure 2.6
presents a schematic diagram of in-situ eectrokinetic soil remediation.

2.5.6. Enhancement/Coditioning
Acar et d. (1993a) recommend the use of different enhancement techniquesin order to

remove and/or avoid precipitation in the cathode compartment "envisioned enhancement schemes
are expected to have the following characteristics; (a) the precipitate should be solubilized and/or
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precipitation should be avoided (b) preferably, ionic conductivity across the specimen should not
increase excessively in a short period of time both to avoid a premature decrease in €lectroosmotic .
transport and to allow transference of species of interest, (c) the cathode reaction should possibly
be depolarized to avoid generation of the hydroxide and its transport into the specimen, (d) such
depolarization will aso assist in decreading the electrical potential difference across the electrodes
leading to lower energy consumption, (€) if any chemical is used, the precipitate of the meta with
this new chemical should be perfectly soluble within the pH ranges attained, and (f) any specia
chemicals introduced should not result in any increase in toxic residue in the soil mass' (Acar et al.
1993a).

Acar et a. (1993a) have investigated the depolarization of the cathode reaction by using an
acid which forms a soluble sdlt with épecies in transport “Low concentrations of hydrochloric acid
or acetic acid is introduced at the cathode to depolarize the cathode reaction. One concern with the
introduction of hydrochloric acid is its possible electrolysis and formation of chlorine gas when it
reaches the anode compartment. Acetic acid is environmentally safe, it does not fully dissociate and
most acetate salts are soluble and therefore it is preferred.” (Acar et d. 1993a).

Migration of the acid generated at the anode would generaly aid in desorptio n of the
species. However, when this process is considered in conjunction with migration of a species of
interest,'the substantial increase in hydrogen ion concentration and the complementing increase in
the hydrogen ion transference number may hinder transport of other species (Acar and
Alshawabkeh 1993). If hydrogen ion generation and supply at the anode is not controlled, most of
the energy may be consumed by generation and migration of the proton across the cell rather than
the transport of species of interest. Therefore, if it is desired to promote the transport of speciesin
the pore fluid, it may be necessary to depolarize the anode reaction and/or control acid production
and introduction into the soil mass (Acar and Alshawabkeh 1993). As discussed previously,
desorption and dissolution reactions will dominate the advance of the acid front in the specimen. In
an attempt to fully exploit the different conduction phenomena and transport processesin field
implementation of electrokinetic remediation technique and to improve the efficiency under site
conditions, it will be necessary to implement process optimization schemes (Acar and
Alshawabkeh 1993).

2-17



2.6 Applications of Electrokinetics in Enviromental Geotechnics

Electrokinetic soil processing is an emerging technology in waste remediation and
separation. It is envisioned that various electrokinetic phenomenain soils, described in previous
sections, will give a chance for additional applications in the area of environmenta geotechnics
other than the extraction chemical species from soils.

2.6.1 Electrokinetic Flow Barriers

Electrokinetic barriers could be used in clay liners to oppose contaminant transport due to
hydraulic and chemica gradients. Though compacted clay liners are designed to retard or minimize
contaminant transport to the underlying soil and groundwater, sustained hydraulic and chemical
gradient in landfills may result in transport and release of contaminant through liners. Figure 2.7a
shows that application of electrical gradient through day liners could be used to generate
electroosmotic flow opposing contaminant transport. Yeung (1990) and Yeung and Mitchell
(1991) have demonstrated that eectrokinetic flow barriers may be effective in retarding transport of
cationic species but accelerate transport of anionic species. The feasibility of the proposed
electrokinetic barrier requires study of the effect of electrochemical changes on the fabric and
engineering characteristics (specifically hydraulic conductivity) of day liners (Alshawabkeh and
Acar 1993).

2.6.2 Hydraulic Conductivity Measurements

Application of direct or aternating current in fine-rained soil mass generates electroosmotic
flow from the anode to the cathode. If an impermeable anode is used (no flow at the anode) a
negative pore water pressure (suction) will generate to compensate the electroosmotic flow at the
anode. The amount of suction generated is dependent on the applied electric field, hydraulic
conductivity, and coefficient of electroosmotic permeability of the soil mass. Using known values
of the coefficient of electroosmotic permeability and eectric potential gradients, measurements of
the suction generated could be used to back calculate the hydraulic conductivity of the soil (Finno et

al. 1994).
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2.6.3 Concentration and Dewatering

Waste sludge and degraded spoil material are usually stored in pondswhich continually
threaten the environment. Electrophoresis could be first used for concentration of the solid
particles, followed by electroosmotic consolidation and ion migration to separate and extract
contaminants (Mitchel 1986). The feasibility of using electrokinetics for dewatering waste sludge
and coal/washery slimes has been demonstrated by limited bench-scale studies (Krizek 1976;
Lockhart 1981; Lockhart and Stickland 1984).

2.6.4 Plume Diverson Schemes

Contaminant transport in subsurface soil may threaten the groundwater contamination. This
might require short-term immediate solutions by either retarding or changing flow directions.
Migrational mass flux and electroosmotic water flow could be generated towards any required
direction by application of direct current (or dedric gradient) to the soil mass as shown in Figure
2.7b (Acar and Gale 1986; Acar et d. 1989; Acar and Hamed 1991). Though the feasihility of this
technique has not been investigated yet, bench-scale results of electrokinetic soil processing
demonstrate the significance of the applied electrical gradients on the amount and the direction of
water and contaminant fluxes.

2.6.5 Hydrofracturing/Electrokinetics/Bioremediation

Electrokinetics could be usedin combination with hydrofracturing and bioremediation for
removal of organic contaminants from soils (Ho et a.1993). Hydrofracturing Could be applied in
contaminated fine-grained deposits to introduce layers of sand and carbon as shown in Figure 2.8.
Electric potentials could be applied through the sand/carbon layers to cause electroosmotic water
flow in fine-grained deposits to transport contaminants to the cathode, where they can be adsorbed
by the carbon. Microorganisms might aso be introduced for biodegradation of the captured
organic contaminants. Problems with soil hydrofracturing include generation of vertical cracksin
regions close to the surface (when the over consolidation ratio, OCR 2 4 (By 1992)).
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Other uses of eletrokinetics in environmental geotechnics include injection of grouts,
cleanup chemicals or nutrients for growth of microorganisms essential to biodcgradation of specific
wastes,contaminant detection, monitoring the physicochemical  soil profiling (Acar and Gale 1986;
Mitchell 1986; Acar et al. 1989; Acar and Hamed 199 1), and the use of electrophoresis for sealing
impoundment leaks (Yeung et a. 1994).

2.7 Feasbility Studies On Eletrokinetic Soil Remediation

The uses of direct electric currents for electroosmotic consolidation and stabilization of fine-
grained deposits-have been investigated by geotechnical engineers since the late 1930's. Effective
applications of the processes have been demonstrated for slope stabilization, chemical alteration of
day soils, concentration, separation, and stabilization of polluted dredging, soil consolidation and
dewatering, reduction of negative skin friction of piles, and increasing the capacity of friction piles
(Casagrande 1952a, 1983; Casagrande et d. 1961; Glaowel 1965; Mise 1961; Esrig 1968; Wan
and Mitchell 1976; Gray and Somogyi 1977; Johnston and Butterfield 1977, Banerjee and Mitchell
1980a, 1980b). Most of this research has shown feasibility in geotechnical engineering
applications; however, the effects of the application of electric gradients and electroosmosis on
electrochemical changes of the soil medium have entertained limited attention. Gray and Schiocker
1969) investigated the effect of pH in controlling changesin soil composition and the feasibility of
pH buffering during electrochemical treatment Their results demonstrated that composition and
physical properties of clayey soils are atered when aluminum is introduced in the anolyte.
Lockhart (1983) demonstrated that when the pore fluid of the soil has high electrolyte
concentrations, strong electrolyte polarization occurs resulting in limited electroosmotic flow.
However, Lockhart (1983) concluded that reasonable concentrations of electrolytes are not
necessarily detrimental to electroosmotic dewatering (the meaning of reasonable concentrations is
not defined). Putnam (1988) and Acar et al. (1989) discussed the effect of electrolysis reactions at
the electrodes on soil pH. Acar et al. (1989) showed that the acid generated at the anode sweeps
across the soil specimen ultimately decreasing the soil pH at the cathode.

Feasibility and cost effectiveness of electrokinetics for the extraction of heavy metals such
as copper, zinc, and cadmium from soils have been demonstrated through bench-scale laboratory
studies (Runnels and Larson 1986; Hamed 1990; Pamukcu et al. 1990; Acar et al. 1992 and 1993).

A comprehensive treatise on the removal of Pb2* from soils is reported by Hamed (1990), and
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Hamed et al. (1991). Kaolinite samples are loaded with Pb2* at various concentrations below and
above the cation exchange capacity of the clay. As presented in Figure 2.9, the process removed

75% to 95% of Pb2* at concentrations up to 1,500 ug/g across the test specimens at an energy

expenditure of 29 to 60 kWh/m3 of soil processed. Most of the removed lead is found
eletrodeposited at the cathode. This study clearly demonstrated that the removal is due to the
transport of the acid front generated at the anode by the primary electrolysis reaction The study is
the first to demonstrate the development of a nonlinear electric potential across the soil mass.
Hamed (1990) also investigated the effect of the initial concentration and current density on the
efficiency of removal. Higher current densities result in removal efficiencies similar to lower
current densities, however, the energy requirement and cost of processing increases exponentially.
Acar et al. (1994) demonstrated 90% to 95% remova of Cd2+* from bench-scale kaolinite
specimens with initial concentration of 99-114 pg/g. Acar and Alshawabkeh (1993) and Acar et al.
(1994) showed higher removal rates of charged species can be achieved by eectric migration rather
than electroosmotic flow.

Figure 2.10 presents the results of enhanced electrokinetic remediation tests conducted on
soil from a contaminated site (Acar et d. 1993). “Calcium and lead are mostly removed from the
leading sections of the specimen first by dissolution then by the transport processes described.
Close to 60% of the total lead (42 g) is precipitated in the middle sections (123 g of dry soil)
clogging the soil pores and preventing further transport of the species. In such soils, it may be
necessary to further enhance the processes by complementing the anodic acid with another
introduced in the processing fluid” (Acar and Alshawabkeh 1993).

Runnels and Wahli (1993) emphasized the use of ion migration combined with soil
washing for removal of Cu®* and 8042' from fine sands. Pamukcu and Wittle (1992) and Wittle

and Pamukcu (1993) demonstrated removal of Cd?*, Co2*, Ni2*, and Sr2*+ from different soil
types at variable efficiencies. The results showed that kaolinite, among different types of soils, had
the highest removal efficiency followed by sand with 10% Na-montmorillonite, while Na-
montmorillonite showed the lowest removal efficiency. Furthermore, their results demonstrated
that lower initia concentrations of cadmium result in higher electroosmotic efficiency; however,
removal efficiencies are higher for samples with higher initial concentrations. Other laboratory
studies reported by Lageman (1989), Banerjee et a. (1990), Eykholt (1992), and Acar et al.
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(1993) further substantiate the applicability of the technique to awide range of heavy metalsin
soils. .

The process can potentially remove radionuclides from clayey soil samples (Ugaz et al
1994, Acar et a. 1992c). Bench-scale tests displayed that uranium at 1,000 pCi/g of activity is
efficdently removed from kaolinite. Figure 2.11 shows the change in uranium activity after different
processing periods. Removal decreased from the anode towards the cathode due to the increase in
pH values. A ydlow uranium hydroxide precipitate was encountend in sections close to cathode.
Enhanced electrokinetic processing showed that 0.05M acetic acid is just enough to depolarize the
cathode reaction and overcome uranium precipitation close to the cathode compartment (Figure
2.12). Most uranyl ion was found precipitated at the cathode while more was in the catholyte in the
acetic acid enhanced experiments (Acar et al. 1993b). The efficiency and feeghility of using this
and other enhancement techniques are currently under investigation (Acar et al 1993b; Acar and
Alshawabkeh 1993). '

Other radionuclides, such as thorium and radium, have shown limited removal (Acar et d.
1992c). In the case of thorium, it is postulated that precipitation of these radionuclides at their
hydroxide solubility limits at the cathode region formed a gel that prevented their transport and
extraction. Limited removal of radium is believed to be either due to precipitation of radium sulfate
or because radium strongly binds to the soil minerals causing its immobilization (Acar et al.
1992c).

Kaolinite specimens prepared with organic molding fluids demonstrated successful
application of the processin transport of the BTEX (benzene, toluene, ethylene and m-xyiene)
compounds in gasoline and trichloroethylene loaded on kaolinite specimens at concentrations
below the solubility limit of these compounds (Bruell et al. 1992; Segd et al. 1992). High degrees
of removal of phenol and acetic acid (up to 94%) also were achieved by the process (Shapiro et .
1989; Shapiro and Probstein 1993). Acar et d. (1992) reported removal of phenol from saturated
kaolinite by the technique. Figure 2.12 demonstrates two pore volumes were sufficient to remove
85% to 95% of phenol at an energy expenditure of 19 to 39 kWh/m3. Wittle and Pamukcu (1993)
investigated the feasibility of removal of organics from different synthetic soil types. Tests were
conducted on kaolinite, Na-montmorillonite, and sand samples mixed with different organics.
Their results showed the transport and migration of acetic acid and acetone towards the cathode.
Samples mixed with hexachlorobenzene and phenol are reported to show accumulation at the center
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of each samples. The results of some of these experiments were inconclusive, either because
contaminant concentrations were below detection limits or because the samples were processed for
only 24 hrs which might not be sufficient to demonstrate any feasibility in electrokinetic soil
remediation.

Although removal of free phase non-polar organics is questionable, Mitchell (1990) stated
that this could be possible if they would be present as small bubbles (emulsions) that could be
swept along with the Water moving by electroosmosis. Acar et al. (1993) stated that unenhanced
electrokinetic remediation of kaolinite samples loaded up to 1,000 ug/g hexachlorobutadiene has
been unsuccessful. Acar et a. (1993) also reported that hexachl orobutadiene transport was
encountered only when surfactants are used. Figure 2.13 shows hexachlorobutadiene transport
through compacted kaolinite using sodium dodecy! sulfate (SDS) in the anode compartment. The
surfactants form charged micelles which migrate across the soil mass under an electric field.
Studies are ongoing at Louisiana State University on the use of this technique in removing TNT
from soils.

Field studies of soil decontamination by eectrokinetics are limited. Lageman (1989) and
(1993) reported the results of field studies conducted in the Netherlands. Figure 2.14 presents a
schematic diagram of the reported field Process.  These studies demonstrated 73% removal of Pb at
a concentration of 9000 ug/g f r om fine argillaceous sand, 90% removal of Asat 300 pg/g from
day and varying removal rates ranging between 50% to 91% of Cr, Ni, Pb, Hg, Cu, and Zn from
fine argillaceous sand. Cd, Cu, Pb, Ni, Zn, Cr, Hg, and As at concentrations of 10 to 173 ug/g
also were removed from ariver sludge at efficiencies of 50 to 71%. The energy expenditures
ranged between 60 to 220 kWh/m3 of soil processed. A field study reported by Banerjee et a.
(1990) investigated the feasibility to use electrokinetics in conjunction with pumping to
decontaminate a site from chromium. Although the effluent chromium concentrations increased
dightly, the results of this study are inconclusive as the investigators monitored only the effluent
concentrations and did not scrutinize removal across the electrodes.

The laboratory studies reported by Runnelsand Larson (1986), Lageman (1989), Acar et
al. (1989), Shapiro et a. (1989), Pamukcu et a. (1990), Hamed (1990), Bruell et al. (1990), Acar
et al. (1990), Hamed et a. (199 1), Eykholt ( 1992), Ugaz et . (1994), Runnels and Wahil ( 1993),
Acar et al. (1993), and Acar et al. (1994) together with the pilot-scale study conducted by Lageman
(1989) display the feasihbility of the process in removing inorganic species and low level organic
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contaminants from soils. Table 2.3 summarizes the laboratory data reported for removal of
chemical species from soils by electrokinetics and the references used are ligedin Table 2.4.

2.8 Theoretical Modeling of Electrokinetic Soil Processing

Modeling coupled transport of fluid, charge, and chemically reactive species is based on
generally accepted set of transient (time-dependent) coupled partial differentia equations that
maintain conservation of matter and energy and the principles of continuum. A set of nonlinear
algebraic equations accompanies these partia differential equations to describe the chemical
reactions among the constituent species.

For electro-osmotic consolidation of soft clay deposits, models which assume constant
electrical potential gradient across the soil mass are proposed and anaytical/numerical  solutions are
presented (Esrig 1968, Wan et d. 1976, Lewis et a. 1973, 1975, Bruch 1976, Banerjee et al.,
19808, 1980b). These models do not involve the chemistry associated with the process.

Theoretical treatise and pertinent solutions to multidimensional contaminant transport
equations and hydrochemical transport equations in groundwater due to chemical and hydraulic
gradients have shown significant progress in thelast decade. Mangold and Tsang (1991) have
presented a summary of the geochemical, contaminant transport, hydrochemical models, their
solutions and limitations. Yeh and Tripathi (1991) have developed and demonstrated a detailed
two-dimensional finite element hydrogeochemica transport model for reactive multispecies solute
transport. The described model can be applied to heterogeneous, anisotropic, and
saturated/unsaturated media, and can simultaneously account for chemica processes of
complexation, dissolution/precipitation, adsorption/desorption, ion exchange, redox, and acid/base
reactions.

Contaminant transport models which incorporate eectricd gradientsare limited. Acar et 4.
(1988) and Acar et a. (1989) presented aone dimensional pioneering model used to estimate the
pH distribution during electrokinetic soil processing. The model provides reasonably good
qualitative agreement with experimental evaluation of H* transport and distribution. This model
considers the electrochemistry of the process. However, it neglects the time dependent changes in
electrical and hydraulic gradients, disregards the coupling of electrical gradients with hydraulic
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Table A 2.3: Synthesis of Laboratory Data Reported by Various Investigators on the Removal of Chemical Species from Soils

Ref Seil Pore Species Initial “Current | Voltage | Duration ngg Removal | Remarks
Type Fluid Conc. Density (hus) kWh/m %)
i Silty NA Cu 617 01-05 | 0.165 24-12 NA 50 Cylindrical Specimens
Sand - mA/cm? | Vicm : (D=0.75in, L=6 in.). Final
. concentration 290-543 mg/kg.
23 Kaolinite | DIW Pb 100-1064 0.012- ‘1.5 100- 29-60 15-95 Bench-scale tests conducted on
mg/kg 0.123 Vicm 1285 kaolinite samples loaded with Pb
mA/cm? al concentrations below and
above the CEC. Demonstrates
the cffect of pH changes on the
process.
14 Kaolinite | DIW Cd 100-140 0037 2-2.5 480- 50-120 92-100 | Benoch-scale tesis demonstrate
Cr mghg | mAicm? | viem 1600 65-70 | the feasibilty of fhe process. The
study demonstrates the
development of nonlincar
. clectric potential distribution dus
to the clectrochemical changes
across the sample.
5 Siliy aw Cr 150-1500 NA 0.1-10 | 24-168 .NA NA Ficld specimens are used (D=5.1
Clay mig/kg Vicm cm, L=2.5cm to 6.7 cm).
Hydraulic and clectric potentials
arc used simultancously, .
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Table A 2.3: Synthesis of Laboratory Data Reported by Various Investigators on the Removal of Chemical Species from Soils (cont’d)

Remarks

Ref. Soil Pore Species Initial Current Voltage pPuration |Energy Removal
Type Fluid conc. Density (hrs) (%)
6 Kaolinite [DIW Cu 1.3 0.3-2.0 0.25 16-48 4.5-74 NA Demonstrates that buffering
Cu(NOy), meq/kg mA Vicm theanoderesultsinhigher
sol. electroosmotic flow than
buffereing the cathode.
Citrate treatment was not
effictivein removing
precipitated copper from the
cathode zone.
119 Kaolinite | D W Cd. co, 400-700 NA 30 v 2430 NA 85-95 Conducted bench-scale tests
Ni, Sr mg/kg 4 V/cm on the feasibility of the
process. The results display
Kaolinite | HS. Cd. Co, 600-750 NA 30v 2430 NA 8595 that removal efficiencies (or
Ni, Sr mg/kg 4 V/cm %removal) is higher for high
inilial concentrations. The
Kaolinite | GW Cd, Co, 550-1100 NA 30 v 24-50 NA 85-95 results show that kaolinite has
Ni. Sr mg/kg 4 Vicm the highest removal followed
by clayey sand while Na-
Na- DW Cd, Co, | 4500-86000 NA 30v 24-50 NA 85-95 monimorillonite shows the
Montm. Ni, Sr mgkg 4 V/cm lowest removal efficiency
Sand +| DW Cd, Co, 400-1500 NA 30 v 24-50' NA 85-95
10% Na- Ni, Sr’ mg/kg 4 V/cm
Montm.

DIW: Deionized Waler,
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Table A 2.3: Synthesis of Laboratory Data Reported by Various Investigators on the Removal of Chemical Species from Soils (cont’d)

Ref. Soil Pore Species Initial Curtent | Voliage | Dunation | Encrgy | Removal | Remarks
Type Fluid Conc. Density (hrs) leg\lm %)
§ Kaolinite | Deion. Uranium 1000 0.127 0.5-12 85-550 50-300 85-95 The results demonstrate the
' Water pCilg mA/cm? | Vicm “kWhm? feasibility of removing
. radionuct ides from bench-scale
Kaolinite | Deion. Thorium 41-313 0.127 0.5-12 144-785 I00-30(3) 20-75 kaolinlte sampler. Thorium and:
Water pCi/g mA/cm? | Vicm kWh/m radium removal were
incomplete due to formation of
(horuim hydroxide and radium
sulphate.
9 Unsat. 0.005M | Chrom- 100 0.35 89-150 22 NA NA Demonstarics the efficiency of
Sand CaSO4 ale mg/kg mA/cm? Vv using the process for partially
4-1 saturated samples. Rale of ion-
Vicm migration Is 20 times the rate of
electroosmosis.
10 Unsat. NA Cu 617 mgN NA 2V 1,51, NA "NA Fully saturated samplcs showed
Sand (CuSOy4 013 and 9 highcr semoval cfficicncics
sol.) Viem days than unsaturatcd samples.
i Sand DW CuSO4 0.00IM NA 25V 7-48 NA NA Decmonstartes the efficiency of
| CuSOy4 0.2 ‘ using lon-migration for
(65 mg/l Vicm preconcentration of tons that
Cu Sol.) are difficult to remove by
pump-and-treat
12,13 | Allamont | NaCl NaCl 0.02N NA .oV 500 NA NA Investigalces the feasibility of
Caly Sol. NaCl 0.1 day using clectrokinctic clay
(Ihite) Vicem barriers.

DIW: Deionized water, DW: Distilled Water. GW Ground Waler, HS: Humic Solution TW: Tap Waler, NA: Not Available.
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Table A 2.3: Synthesis of Laboratory Data Reported by Various Investigators on the Removal of Chemical Species from Soils (cont’'d)

Ref. Soil Poro Species Tnitiat | CUITENT Voltage | Duration | Encrgy | Removal | Remarks
Type Fluid Conc. Density ) kwglm (%)
14. 15. | Kaolinite | NA acetic 0.5 M, NA 2s v 20-100 3.7 95 0. IM NaCl purging solution was
16 acid 0.1M days Kwh/t 43 used to optimize the process.
Kaolinite Phenol | 450 ppm NA 0.62 up10 | 5.3-260 9s
45 ppm Viem 60 days kwh/t 75
17 Kaolinite | DIW Phenol 500 0.037 0.4-2.4 78-144 18-39 85-95 Most of the phenol removed
mgkg | mA/em? | vicm from the sample was collected
with the effluent.
18 Kaolinite §} TW BTXs [-150 NA 0.4 NA’ NA see Different organics (rce 150
Comp. ma/kg ‘Vicm remarks | mg/kg. benzene 130 mg/kg.

tolucnc 70 mg/kg. m-xylene 30
mg/kg) showed transport and
removal horn cylindrical bench-
scale samples (L-30cm) by
electroormosis.

19 Kaolinite | DW Aceton 100-6800 NA 30 v 24-50 NA Varies | Different organics (aceltic acid,
Na-Monl | GW &= ppm 4 Vicm 5.8-100 | aceton, phenol, and
Sand HS remarks) hexachlorobenzene) showed

transport and accumulation at
center and towards the cathode.

DIW: Deionized Water:DW: Distilled Water, GW: Ground Water, HS: HumicSolution, TW: Tap\Waer, NA Not Availa
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Table 2.4: References for Data Presented in Table 2.3

O o Ol B~ WWDN -

o

10
11
12
13
14
15
16
17
18

Runnels and Larson (1986)

Hauled (1990)

Hamed, Acar, and Gale (1991)

Acar, Hamed, Alshawabkeh, and Gale (1994)
Banerjee, Horng, Ferguson, and Nelson (1990)
Eykholt (1992)

Pamukcu and Wittle ( 1992)

Ugaz, Puppala, Gale, and Acar (1994)
Lindgren, Mattson, and Kozak (1992)

Dabab, Kelly, and Godaya (1992)

Runnels and Wahli (1993)

Yeung (1990)

Mitchell and Yeung (1991)

Shapiro, Renauld, and Probstein (1989)
Shapiro and Probstein (1993)

Probstein and Hicks (1993)

Acar, Li, and Gale (1992b)

Bruell, Segal, and Walsh (1992)

1 9 Wittle and Pamukcu (1993)
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gradients and does not incorporate the complicated chemistry and reactions associated with the
process.

Yeung (1990) and Mitchell and Yeung (199 1) have proposed another model in a study of
the feasibility of using electrical gradients to retard or stop migration of contaminants across
earthen barriers. Principles of irrversible thermodynamics were employed by these authors and a
one dimensional model is developed for transport of contaminants across theliner. The integral
finite difference method was used to solve the problem and the model reasonably predicted the
transport of sodium and chloride ions across the liner. The limitations of this model are similar to
those of Acar et a. (1989). Furthermore, the complicated chemistry of the electrode reactions
(acid/base distributions) were not included and nonlinear changes in eectrical and hydraulic
potentials are neglected.

Shapiro et d. (1989) and Shapiro and Probstein (1993) incorporated the electrochemistry
of the process and developed a model for transport of chemical species under electrical gradients.
The model couples the transport equations of chemical species together with the charge flux
equation and accounts for the chemical reactionsin the soil porefluid. A steady state electroosmotic
flux was assumed and calculated by averaging the electrical gradient and zeta potential across the
soil sample. Shapiro and Probstein (1993) reported that the numerical solution is achieved using
finite dement method in the spatial domain and Adams-Bashforth integration in time. The results
were compared with the experiments for the case of constant voltage at the boundaries (the current
changes with time depending upon the dectrica conductivity of the soil sample). Comparisons
displayed a good agreement in one case of acetic acid removal from a kaolinite specimen of 40 cm
length. Other experiments did not show good agreement with the model results. The model
integrates the charge flux equation to evaluate the electric potential distribution and did not solve the
equation describing preservation of the eectric charge. The model assumes incompressible sail
medium, disregards the changes in the hydraulic potential distribution, and also does not account
for any sorption reactions.

Eykholt (1992) attempted to model the pH distribution during the process using a mass
conservation eguation accompanied by empirical relations to account for the nonlinearity in the

process. One transport differential equation is formed by subtracting the equation describing OH-

transport from the equation describing H+ transport and assuming that hydrogen and hyadroxyl ions
have the same diffuson coefficients and ionic mobilities. The approach of using a dummy
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concentration of the difference between H* and OH- concentrations has been widely used in
modeling contaminant trasport in groundwater to eliminate the rate of chemical reactions, actions, such as
the water autoionization reaction, from the differential equations (Miller and Benson 1983).
However, it is confusing to use this approach in the case of species transport under electric
gradients, even when the equal ionic mobility assumption is made for these species; in an electric
field, OH- migrates in a direction opposite to that of H+ migration because of their opposite electric
charge. This study showed that a negative pore water pressure may develop in soil due to changes
in zeta potential. The development of negative pore water pressure is modeled based on zeta
potential measurements made by Lorenz (1969) for kaolinite at different pH values. The modified
Smoluchowski equation (developed by Anderson and Idol 1986) was used together with the
proposed empirical relations to predict changesin the electric potential distribution.

Corapcioglu (1991) has presented a formulation of the system of equations governing the
coupled transport of mass, charge, and fluid under eectrical, chemical and hydraulic gradients
assuming a nonreactive mass transport. Alshawabkeh and Acar (1992) have described a system of
differential/algebraic equations for the process accounting for the chemica reactions of
adsorption/desorption,  precipitation/dissolution, and acid/base reactions. Acar and Alshawabkeh
(1994) have modeled the changes in soil and effluent pH during electrokinetic soil processing.
Two transient transport equations for hydrogen and hydroxyl ions are used together with the water
autoionization equation. This attempt also assumes linear electric and hydraulic gradients
throughout the process and disregards the coupling of these components. Furthermore, in these
models no specia treatise is provided for the effect of conservation of dectricad neutrality on
transport of the chemical species present.

A comprehensive theoretical model is required for electrokinetic soil processing. This
model should account for coupled multicomponent species transport under dectric, hydraulic and
chemical gradients. Chemical reactions in the soil pore fluid, such as sorption,
precipitation/dissolution, agueous phase, water autoionization, and electrolysis reactions, also
should be included. This model is expected to provide the. basis for a comprehensive
design/andysis tool for the different boundary conditions, site-specific contamination and variable
soil profiling encountered in full scale implementation of the process. Such atheoretical model also
would allow assessment of the principles of multispecies transport under electric fields.
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Section 3

THEORETICAL DEVELOPMENT

3.1 Introduction

Electrokinetic soil remediation encompasses a sundry of physico-chemica  processes that
cause species transport and removal. Theoretical understanding and simulation of the technology
demand a grasp of the mathematical formulation of these processes. These processes are
controlled by such variables as electrolysis reactions at the dedrodes pH and soil-surface
chemistry, equilibrium chemistry of the agueous system, electrochemistry of the contaminants, and
geotechnical/hydrological characteristics of the porous medium. The compllexity of the processes
involved necessitates Implifying assumptions which would allow numerical smulaion within the
proposed time frame.

3.2 Assumptions

The following assumptions are employed in the theoretical development presented in this

study

The soil medium isisotropic and saturated.
2. The soil medium consists of clay particles with negatively charged surface,
the fluid region with the excess cations, and the pore freefluid with N

number of chemically reactive species.

3. All fluxes are linear homogeneous functions of all driving forces (or
potential gradients).

4. |sothermal conditions prevail (coupled heat transfer is neglected).

5. All the applied voltage is effective in fluid and charge transport.
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6. Electrophoresis is not present
7. Hydraulic conductivity, coefficient of eletroosmotic permeability, and
coefficient of volume compressibility are constant in time and space.

8. The chemicoosmotic coupling is negligible.

9. The chemical reactions (precipitation/dissol ution, aqueous phase reactions,
and sorption) are at instantaneous equilibrium (rate kinetics are ignored).

10.  Soail particles are treated as electrically nonconductive (insulators).
11.  Surface conductance and sreaming potential are negligible.

Most of the stated assumptions are reasonable and they are made in an attempt to
accomplish the identified objectives within the scope and time frame available for this study. Other
assumptions were also necessary since a limited understanding of the mathematical formulation of
the physical or chemical specific processes exists. Justification of some of these assumptionsis
presented below while further discussion is presented throughout the manuscript.

Specific amount of the applied electric energy might be consumed in generation of heat,
which might generate thermal gradients. The effect of the generated thermal gradient on the
transport processes and performance and efficiency of electrokinetic processing is not included
herein and is yet to be investigated. Therefore, an isothermal system is assumed where al the
applied eectricd energy is available for transport.

Electrophoresis is a significant transport mechanism for clay suspensions. In the case of
compacted or even soft clay deposits, electrophoresis will have a minor contribution in charge
transport under electric currents. The assumption of no electrophoresis is, therefore, assumed to
be vdid in this study.

Generation and dissipation of pore water pressure in soils result in consolidation, and

changes in soil porosity. Coefficients of hydraulic conductivity, electroosmotic permeability, and
soil compressibility are expected to change in time and space as a result of soil consolidation. In
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some cases, such as consolidation of duries consolidation greatly affects porosity, hydraulic
conductivity, and soil compressibility; however, in compacted clays, changes in hydraulic
conductivity are not expected to be significant. The effects of these changes are not accounted for
in this study because the uncertainty in evaluating these parameters would be more than the
changes expected in their values.

The assumption of no chemicoosmosis is judtified by the fact that this component becomes
ggnificant only in the presence of large chain molecules and in very active clay deposits (Mitchell
et al. 1973).

3.3 Transport Processes

Application of hydraulic, dedric, chemical, and/or thermal gradients to a homogeneous
medium of soil-water-electrolyte results in transport of matter and energy. The resulting fluxes of
fluid, charge, mass, and/or heat through the soil medium, their changes with time, and their effects
on the properties and composition of the soil medium are significant in various
geotechnical/geoenvironmental problems.

The fluxes of matter and/or energy through soil-water-electrolyte media could be
categorized into two types, uncoupled fluxes and coupled fluxes. Direct spontaneous uncoupled
fluxes result from application of a potential gradient of the same type of the matter transported
(conjugated driving forces). Examples of direct fluxes are fluid transport due to a -hydraulic
gradient (Darcy's law), charge transport due to an dectric gradient (Ohm’ s law), mass transport
due to a chemical gradient (Fick's raw), and heat transport due to a thermal gradient (Fourier's
law). Coupled fluxes result from transport of matter and/or energy due to a potential gradient of
different type than the matter and/or energy transported (non-conjugated driving forces). The
nature of the soil-water-electrolyte system with the presence of the diffuse double layer gives arise
to spontaneous coupled transport fluxes. Examples of coupled fluxes in soil-water-electrolyte
system are water transport due to an electric gradient (electroosmosis), heat transport due to a
chemical gradient (Dufour effect), and charge transport due to athermal gradient (Soret effect).
Table 3.1 summarizes various coupled and uncoupled direct fluxesidentified as aresult of
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Table 3.1: Direct and Coupled Flow Phenomena

Flux Hydraulic | Chemical | Electrical |Thermal
J Gradient Gradient Gradient | Gradient
Fluid Hydraulid Chemico- Electro- | Thermo-
Flux Conduction | Osmosis Osmosis Osmosis
Mass Filtration | Diffusion Migration | Thermo-
Flux Mass Flux [Diffusion
Charge| Streaming |Diffusiona Migrational |[Thermo-
Flux current current current current
Heat Thermo- Thermo- Thermo- | Thermal
Flux Filtration | Diffuson | Migration Flux




application of hydraulic, electric, chemical, and thermal gradients to a system of soil-water-
electrolyte.

Assuming that &l fluxes are linear homogeneous functions of éll their applied and/or
generated driving forces (or potential gradients), the following equation is used to define a system
of m fluxes, J(m), due to m conjugate driving forces, F(m),

Jm)=L.F(m) (3.1)

where L is (m x m) matrix of coefficients Lij relating the flux J; to aforce Fj. The coefficients Ly
L;..., in the main diagona of the matrix are named straight (diagonal or uncoupled) coefficients,

since they relate the fluxes to their conjugated forces. The other coefficients are called coupling (or
cross) coefficients, as they relate the fluxes to the non-conjugated forces. The flux J; is, therefore,
-described by m

i &) =4 (3.2

3.3.1 Fluid Flux

Fluid flux results from application of a hydraulic gradient (Darcy’s law), an electric
gradient (electroosmosis) and/or a chemical gradient (chemicoosmosis). Chemicoosmosis is not
included because, as stated in the assumptions, it is significant only in the presence of large chain
molecules and in very active clay deposits.

3.3.1.1 DacysLaw of Advection
Fluid flux due to a hydraulic gradient, J* @LT-!) is given by Darcy’s law as,
I =k v(h

(3.3)

where k, isthe coefficient of hydraulic conductivity (LT, h(L) isthe hydraulic head (h=u/y.),
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u is the hydraulic potential (F/L2), and y, in the unit weight of the pore fluid (F-L%). Numerous

methods exist for evaluating the hydraulic conductivity of fine-grained soils. Danid (1989) and
(1993) summarize various laboratory and field methods and equipment that can be used for
measurement of the hydraulic conductivity of different soil types.

Extensive research has been carried out on the hydraulic conductivity of fine-grained soils
with a relatively good understanding of the fundamental factors affecting its value (Lambe 1954,
1958; Mitchell et d. 1965; Olson and Daniel 1981; Boynton and Daniel 1985; Acar and Olivieri
1989). These studies indicate that microstructure and fabric are among the factors that highly
influence fluid transport in fine-grained deposits. Dispersed micro-structure generally resultsin
lower hydraulic conductivity than flocculated micro-structure. Acar and Olivieri (1989), in a study
on the effect of porefluid chemistry on fabric and hydraulic conductivity of compacted clays, show
that a change in the hydraulic conductivity occurs when organic fluids are permeated through them
in response to changes in the diffise double layer, particle interactions and consequently sail
fabric. Other factors that affect ky , include soil porosity and pore size distribution. The presence

of uniformly distributed fine size pores results in lower hydraulic conductivity, while the presence
of macro pores results in higher hydraulic conductivity, even if soil porosity is the same in both
Cases.

Electrokinetic soil remediation induces changes in the pore fluid chemistry, diffuse double
layer, soil fabric and consequently the hydraulic conductivity. Furthermore, electroosmotic
consolidation is expected to take place and influence the hydraulic conductivity value. In
attempting to model electrokinetic soil remediation in this study, hydraulic conductivity is assumed
to be constant in time and space because of the following reasons; (a) thereis no clear mathematical
formalism that can describe the effect of pore fluid chemistry on soil fabric and consequently the
hydraulic conductivity, and (b) the uncertainties in evaluating the hydraulic conductivities are more
significant than the changes expected in their values.

3.3.1.2 Electroosmotic Fluid Flux

The Helmholtz-Smoluchowski theory for electroosmosis is the most commonly adopted
theoretical description of fluid transport through soils due to electrica gradients. Smilar to the
hydraulic conductivity, this theory introduces the coefficient of electroosmotic permeability, k,
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(L2V-1T-1), as the volume rate of fluid flowing through a unit cross sectional area due to a unit
electrical gradient. Hence, the electroosmotic flow rate,J¢ (LT-1), is expressed by an empirical

relation similar to Darcy’s relation,

. =k v(-E) =K1 (3.4)

where E is the electric potential (V), | is the electric current density (CL-T-"), and k, (L3C!)

Is the electroosmotic coefficient of fluid transport given by,
k,
k = (3.9)

c.
¢ (CV'TILY is the effective electrical conductivity of the soil medium,

Although Equation 3.4 can provide an estimate of the flow rate for known value of the
coefficient of electroosmotic permeability and electric conductivity under constant current
conditions, it assumes constant electrical gradient across the electrodes. Applying an electric
current through the soil medium will generate a zone of high eectrical conductivity at the anode and
a zone of low ectrica conductivity at the cathode (Hamed 1990; Acar et . 1993). Figure 3.1
presents a comparison of the pH and conductivity profiles across a soil specimen upon a complete
sweep of the acid front generated at the anode compartment. Figure 3.2 presents a typica profile
of electrical potential difference across the soil specimen in atest conducted for Cr3* removal. As
depicted in Figure 3.2, the electrical potential drop is mostly realized in the cathode region,
resulting in higher € ectroosmotic flow in that region rather than the anode region.

The value of k., is widely accepted to be a function of zeta potential, viscosity of the pore

fluid, porosity and electrical permittivity of the soil medium. When the soil pores are treated as
capillary tubes, the coefficient of electroosmotic permeability is given by,

o

k,= ——n
n

where g is the permittivity of the medium (Farad/L!), § is the zeta potential (v), n is the porosity

(L3L3), and 7 is the viscosity (FTL%). While hydraulic conductivity, k,, is significantly
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influenced by the pore size and distribution in the medium (Acar and Olivieri 1989), the
electroosmotic coefficient of permeability, k., according to the Heimhoitz-Smoluchowski theory is

dependent mainly on porosity and zeta potential. The velueof k, has been assumed to be constant
during the electrokinetic processas long as there is no change in the concentration of ions or pH of

the pore fluid. This was not a good assumption in the studies reported by Gray and Mitchell
(1967), Lorenz (1969), and Hunter (1981).

Extensive research has been carried out on thezeta potential of the glass-water interface.
There is a good qualitative agreement in the results of different studies. Hunter (1981) in an
extensive summary of theoretical and experimental treatise of the zeta potential in colloid science,
displays the effect of pH and ion concentration in the pore fluid on zeta potential. Figure 3.3
shows that the zeta potential decreases linearly with the decrease of logarithm of electrolyte
concentration (Kruyt 1952; Hunter 1981) and/or the pH of the soil medium. The effect of
electrolyte chemistry on zeta potential could therefore represented by (Kruyt .1952), (3.7)

C=A-BlogC,

where, A and B are two constants that are eveluated experimentally, and €, (M/L3) is the total

electrolyte concentration

It is hypothesized that the drop in pH of the soil due to electrokinetic processing will cause
a decrease in the coefficient of electroosmotic permeability associated with the drop in zeta
potential; hence, the electroosmotic flow will start to decrease and eventually stop at later stages of
the process. The results of Acar et al. (1989), Hamed et a. (1991), and Acar et d. (1993)
demonstrate the decrease and cessation of electroosmosis upon continued testing. Consequently,
the k., value determined in one-dimensional tests is time-dependent and controlled by the chemistry

generated at the electrodes.

3.3.1.3 Total Fluid Flux

Adding Equation 3.3 and Equation 3.4, the total fluid flux, J,, is given by, (3.8)
I, = k,v(-h+k V(-E)
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The total one-dimensional fluid flux Is,

3 9E
I, = -k, dx k, dx (3.9)

3.3.2 Mass Flus

Mass flux of different chemical species relative to pore fluid is a consequence of different
coupled potential gradients. Hydrodynamic dispersion is mass transport due to a chemical
concentration gradient. Migrational mass flux is mass transport of charged species due to an
electric potentid gradient. Filtration or ion sieving is mass (or species) transport due to a hydraulic
gradient (Groeneveit and Bolt 1969). Filtration is neglected in this study because it occurs only in
soils with very fine pores where the resistance against passage of water molecules is much smaller
than that for dissolved larger molecules. Total mass flux of dissolved species also includes the
advective component due to species transport by the flowing fluid.

3.3.2.1 Fick’'s Law of Diffusion

Hydrodynamic dispersion, the phenomenon of mass transport of chemica species dueto a
concentration gradient, isaresult of two basic phenomena; mechanical dispersion and molecular
diffusion. While mechanical dispersion occurs as a result of velocity variation within the porous
medium, malecular diffusion is mass transport due to the difference in therma kinetic energy of the
molecules. Perkins and Johnston (1963), Bear (1972), and Rowe (1987) indicate that mechanical
dispersion is a sgnificant mechanism in contaminant transport in ground water because of the
relatively high hydraulic conductivity and advective hydraulic flow in such deposits (higher than
1.0 * 10-7 cm/sec ). On the other hand, molecular diffusion s the primary process that controls
hydrodynamic dispersion in clay deposits due to the low advective hydraulic flow in these
deposits.

The diffusive mass transport of chemical speciesin a saturated soil medium under chemical
concentration gradients is described by Fick's first law,

I} = Dv(~c) (3.10)

where J f(ML‘zT") is the diffusive mass flux of the ith chemical species per unit cross sectional
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area of the porous medium, ¢; (ML") is the molar concentration of the ith chemical species, and

D,‘ @L3TY) is the effective diffusion coefficient of theith chemical species. The effective diffusion

coefficient in the porous medium, D, is related to the respective diffusion coefficient in free

solution, I3, by (Bear, 1972; Gillham and Dherry, 1982; Shackelford and Daniel, 1991),
D, = D,xn (3.12)
where ¢ (L¥L2) is an empirical coefficient accounting for the tortuosity of the medium. Values of

< Span over awide range for different saturated and unsaturated soils. Experiments are often

necessary to determine its value for a specific soil type. Shackelford and Daniel (1991 a) have
summarized various values of t for different soil types reported by various authors (Table 3.2).

These values are as low as 0.01 and as high as 0.84, mostly ranging between 0.2 to 0.5.

Diffusion coefficients for different ions at infinite dilution have been evaluated and reported
by various authors. Tables 3.3 and 3.4 present absolute values of diffuson coefficients for
representative cations and anions attained under idea conditions. Many factors might affect the
molecular diffusion coefficient such as the electroneutrality requirement concentration, and
electrolyte strength (Shackeiford, 1991). Irreversible thermodynamics could be used to evaluate
molecular diffuson coefficient for a single ion with respect to a counter ion in asingle electrolyte.
Utilizing preservation of electrical neutraity, nolecular-diffusion for a single electrolyte, D, is

evaluated as,
D = D+D-(z -z)
o z, Dt‘Z_D_ (312)

where D, and D, are the diffusion coefficients of the particular cation and anion, respectively, and
z, and z_ are the charges of the cation and anion, respectively. Table 3.5 shows representative

diffuson coefficients for single electrolytes. Limited research is encountered for multicomponent
diffuson coefficient of a solution of more than one eectrolyte. Multicomponent
describesion diffusion due to coupled concentration gradients of other ions present in the solution.
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Table 3.2:

Representative Tortuosity Factors (Adapted from  Schackel ford and Danidl, 1991).

Soll Tracer Saturation r
50% Sand:Bentonite Mixture BC1 Saturated | 0.08-0.12
Bentonite:Sand Mixture BCl Saturated | 0.04-0.49
Bentonite:Sand Mixture Bl Saturated | 0.59-084
Silt Loam BC1l Unsaturated | 0. 05-0. 55
Sand BCl Saturated 0.28
Loam BCl Saturated 0.36
Qay BCl Saturated 0.31
Clayey Till cl- Saturated 0.15
Silty Clay Cl- Saturated | 0.13-0.3
Sity clay . Cl- Saturated 0.1
Sandy  Loam Cl- Unsaturated | 0. 21-0. 35
Silty Clay Loam; Sandy Loam Cl- Saturated | 0.08-0. 22
Kaolinite . ClI- Saturated 0.12-0.5
Smectite Clay ClI- Saturated | 0.07-0. 24
Clay ClI"&SO{ | Saturated 0.55
Sty Clay Loam; Sandy Loam Br= Saurated | 0.19-0.3
Kadinite Br= Saturated | 0. 15-0. 42
Smectite Clay Br~ Saturated 0.08
Sandy Loam Br= | Saturated. | 0.25-0.35
Bentonite:Sand Mixtures H Saturated | 0.01-0.22
Bentonite:Sand Mixtures H Saturated 0.33-0.7
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Table 3.3 Absolute Values of Diffusion Coefficients and lonic Mobilities for Representative
Cations as Infinite Dilution at 250 C (Adapted from Dean, 1985).

Cation D;x10% | u;x10° Cation | D;x10® | u;x10%
ean?/ sed an?/V/sec ecm?[sec | em?/V/sec
Ag* 16.47 64.1 K+ 19.58 76.2
AL 5.41 63.2 La*+ 6.18 72.1
Ba*+ 8.50 66.2 Liv 10.30 40.1
Be+ 5.99 46.6 Mg** |.7.07 55.0
Ca*+ 7.93 61.7 Mn** [ 712 55.4
Cd+ 7.19 . 56.0 NH} | 1958 76.2
Ce+ 6.21 5 N HY | 15.70 61.1
Co** 4.70 54.9 Na* 13.33 51.9
Co(NH3)s* | 887 103.6 N&+ 6.18 72.1
Co(en)3* 6.63 774 N3+ 6.65 51.8
cr* 5.94 69.4 Py, 9.46 73.6
Cst 20.84 80.1 Pr+ 6.1 .| 721
Cud+ 7.32 57.0 Ra*+ 8.89 69.2
D+ (18°C) | 55.57 221.5 Rb+ 20.71 80.6
Dy** 5.83 68.1 S+ 5.74 67.0
Er* 5.86 68.4 Sm3+ 6.08 71.0
Eu* 6.03 70.4 Sr+ 7.91 61.6
Fe+ 7.19 56.0 T+ 20.25 78.8
Fe* 6.04 70.5 Tm3* | 582 67.9
G+ 5.98 69.8 Uoi* 4.27 33.2
H+ 93.13 362.5 ) Sas 5.50 64.2
Hg* 7.05 54.9 Yy 5.79 67.6
Ho* 5.88 68.7 Zn?* 7.03 54.7
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Tabhle 3.4:

Absolute Values of Diffusion Coefficients and lonic Mobilities for Representative
Anions at Infinite Dilution at 25° C (Adaptel from Dean, 1985).
Anion Dix106 U ,-xlﬂ‘ Anion D,-xlO‘ u,-xlO"
cn?/sec | em?[V[sec | cm? [sec cm?[V/sec

Au(CN)T | 1331 51.8 HS- 17.32 67.4
Au( CN%: 9.58 37.3 HSO3 13.31 51.8
B(CeHs)g | 560 2.8 HSO7 13.31 51.8
Br- 20.78 80.9 H,S507 8.25 32.1
Bry 11.46 44.6 I- 20.45 49.6
BrO7 14,85 57.8 103 10.79 42.0
cr- 20.32 79.1 I07 1452 56.5
Clos 13.85 53.9 N(CN); | 1452 56.5
clos 17.19 66.9. NO2" 19.11 74.4
clo; 18.09 70.4 NO3" 19.01 74.0
CN- - 20.76 80.8 N H,SO7 | 12.95 50.4
co3- 9.58 74.6 Ny 18.37 715
Co(CN)¥ | 878 1025 OCN- 17.19 66.9
CrO3~ 11.32 88.1 OH- 52.87 205.8
F- 14.49 56.4 PFy 15.16 59.0
Fe(CNYs | 739 115.0 POyF?*- 8.43 65.6
Fe(CNY | 89 104.7 POY 6.12 715
HyAsO7 9.04 35.2 ROy 5.42 84.3
HCO3 11.84 46.1 ) No>u 7.42 86.6
HFy 19.96 7.7 P03 5.81 113.0
HPO3~ 7.59 59.1 ReO7 14.57 56.7
H,PO; 8.79 34.2 SCN- 17.57 68.4
H,PO7 12.25 47.7 SeCN- 17.21 67.0




Table 35: Limiting Free-Solution Diffuson Coefficients for Representative Simple
Electrolytes at 250 C(Scheckdford and Daniel, 1991).

Electrolyte D,x10°

em?/sec
HO 33.36
HBr 34.0
Lid 13.66
Li Br 13.77
NaCl 16.10
NaBr 16.25
Nal 16.14
KCl 19.93
KBr 20.16
Kl 19.99
Gad 20.44
CaCl, 13.35
BaCl, 13.85
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Shackelford and Daniel (1991b) investigated the effective diffuson coefficients, D, of
different inorganic chemicals in compacted clay. Their results demonstrate that molding water
content and compaction methods have littleeffect , if any, on the effective diffuson coefficients
Generally, changing molding water content in compaction tests results in significant changesin the
compacted soil microstructure (Mitchell 1993): According to the results by Shackelford and Daniel
(1991b) the change in compacted clay microstructure due to different molding water contents will
have little effect on the effective diffusion coefficient of different chemicals.

3.3.2.2 Mass Flux by lon Migration

The migrational mass flux of the free ionic species in the soil pore fluid due to the applied
electric field is given by,

I, = u, ¢,v(-E) (3.13)
where J;(ML-2T™) is the migrational mass flux of the ith species, and u, (L2T"'V-1) is the

effectiveionic mobility of the ith species. The effedtiveionic mobility, u , defines the velocity of
the ion in soil pores under unit electric field. There isno method yet devised to directly measure
the single ionic mohilities (Koryta 1982); however, u,' , can be estimated theoretically by assuming
that the Nernst-Townsend-Einstein relation between D; , the molecular diffusion coefficient, and u;

holds for ions in the pore fluid of soils (Holmes, 1962);
. Dz F .
U, = mu, = —py— (3.14)
where y; is the ionic mobility of species| at infinite dilution, z; is the charge of the ith species, F is

Faraday’s constant (96,485 C/mol electrons), R is the universal gas constant (8.3144 JKmal),
and T is the absolute temperature. Note that each of u; in this case has a value and a sign that

reflects the charge of speciesi (i.e. the ionic mobilities and effectiveionic mobilities, Y, and u,.,

will have negative values for anions and positive values for cations).  The signs are included in the
ionic mobilities, of cations and anions to smplify the mathematical equations. Tables 3.3 and

present absolute values of ionic mobilities for representative ions at infinite dilution.
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3.3.2.3 Advective Mass Flux

The other important mechanism of species flux is advection by the soil pore fluid. The
advective mass flux of speciesi relative to the soil patidesis,

§ =, (3.15)

where ¢ , is the molar concentration of water (- 1).

3.3.24 Total Mass Flux

Adding Equations 3.10, 3.13, and 3.15, the totd flux isgiven by;
I, = D w(=¢) + ¢, @u;+ k) v(=E) + ¢, &, v(-h) (3.16)

For one-dinensional applications, the total mass flux of speciesi is given by,

3E . 3h

.de, .
S o) —"- ¢ (g + . ——
J, D ¢, (u k)55 - ckv3s (3.17)

iax i

This equation demonstrates that the dectrica gradient has two transport components, ion migration
and electroosmotic advection. It also explains that for cations both components will act in the same

direction since the values of u,' and k, have the same algebraic sign; however, for anions these

components will act in opposite directions since u , is negative for anions while k , is positive.

Figure 3.4 conceptualizes the transport mechanisms of positively charged and negatively charged
species, from a soil mass with ¢, initial concentration, dueto the different potential gradients given

in Equation 3.16.

3.3.3 Charge Flux
Applying a DC potential across a soil-water-electrolyte medium generates an electric field

causing charge transport. Figure 3.5 shows a schematic diagram of the mechanisms by which
charge is transported through a soil-water-electrolyte medium. Seven paths are identified in Figure

3-19



@

nitial Concentration

Anode (+)

conc.

Anode (+)

(1) Hydraulic Advection (2) Diffusion

(3) Eletroosmosis (4) lon Migration

Figure 3.4: A Schematic Diagram of Concentration Profiles in Transport of (a) Positively
Charged and (b) Negatively Charged Species
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3.5 for charged transport through saturated clay; these are (@) through soil solids, (b) soil
solids/diffuse double layer, (C)diffuse double layer, (d) diffuse double layer/free pore fluid, (€)
pore fluid, (f) pore fluid/soil solids, and (g) soil solids/pore fluid/diffuse double layer. These
charge transport mechanisms are based on the assumption that the soil pores are interconnected
and, at the same time, the-soil solids are interconnected, with at least several continuous paths that
connect the medium pores from one side to the other and several continuous paths that connect the
soil solids from one side to the other. This assumption is made to make it possible for the electric
charge to move from one side of the medium to the other, either through the pore fluid and/or
through the soil solids. Furthermore, charge transport through the soil pore fluid is divided into
two components, one due to the migration of the counter ions and co-ions of the diffusedouble
layer and the second is due the migration of the free ions present in the free pore fluid.

The contribution of each path on charge transport vary widely for different types of soil-
water-electrolyte media. With the assumption that soil solids are non conductors, a ssimplified
model that accounts for only charge trangport through the diffuse double layer and pore fluid (paths
¢ and g respectively) is shown in Figure 3.5 (ii). Figure 3.5 (iii) represents these components by
an electric circuit. Only when the soil pore fluid has a relatively high ionic strength, the
contribution of the free pore fluid dominates the other charge transport mechanisms. To simplify
the calculations below, the contributions of the soil solids and the diffuse double layer ions on
charge transport are neglected.

3.3.3.1 Migrational Charge Flux

The simplest form of electrical conductance of the soil is governed by Ohm's law
describeng the current density (charge transport) in the pore fluid due to electrical gradients,

| = c.v(—E) (3.18)
The migrationa charge flux can be related to the migrationa mass flux of species by using
Faraday’s law for equivaence of mass flux and charge flux,

N
I'=YzF, (3.19)

sl
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Substituting Equation 3.13 into Equation 3.19, the migrational charge flux is given by,
N

U= L #fu,6,9(-B) | (320

Jj=

Comparing Equati on 3.20 with Equation 3.18, and assuming that the migrational charge flux is
equd to the total charge flux, the efedtiveeectrical conductivity of the soil bulk due to migrational
chargeflux isevaluated by,

N
o =T zFuc (3.21)
j=1

3.3.3.2 Transport Number

Analogous to the total current density, the partial current density that represents the
contribution of the ith charged species to the overall current density, L, is evaluated by applying

Faraday’s law of the equivalence of mass and charge,
I, = Fz,], = Fzu,c,v(-E) (3.22)
Constant current has been used in most eqoaimantd work at Louisiana State University on

electrokinetic soil processing. Therefore, from Equation 3.18, the electric gradients will change
depending upon the bulk electrical conductance of the sail,

I
v(-B)= — (3.23)
c
Substituting Equation 3.23 in Equation 3.22
Fz,u;c,
|, =———I= =¢I (3.24)
c

where t, is the transport (or transference) number of the ion i, giving the contribution of the ith ion
to the total effective electric conductivity,

L
_ Fruc,

I’ - I = t,I (325)

o]

The transport number of the ith ion thus depends on its ionic mobility, its concentration,
and the total electrolyte concentration (or the electrolyte ionic strength). Table 3.6 lists examples of
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Table 3.6: Transport Numbers of Cations at Various Concentrations (Koryta and Dvorak, 1987).

Electrolyte C,

0 001 002 0.05 0.1 0.2

HCI 0.8209 0.8251 0.8266 0.8292 0.8314 0.8337
CH3COONa | 0.5507 0.5537 0.5550 0.5573 0.5594 0.5610
CH,COOK | 0.6427 0.6498 0.6523 0.6569 0.6609 - -

KNOs 0.5072 0.5084 0.5087 0.5093 0.5103 0.5120

NH,.CI 0.4909 0.4907 0.4906 0.4905 0.4907 0.4911
KCl 0.4906 0.4902 0.4901 0.4899 0.4898 0.4894
KI 0.4892 0.4884 0.4883 0.4882 0.4883 0.4887
KBr 0.4849 0.4883 0.4832 0.4831 0.4833 0.4841
AgNOs 0.4643 0.4648 0.4652 0.4664 0.4682 -
NaCl 0.3963 0.3918 0.3902 0.3876 0.3854 0.3821-
LiCl 0.3364 0.3289 03261 0.3211 0.3168 0.3112
CaCly 0.4380 0.4264 0.4220 0.4140 0.4060 0.3953
i1Na; S0, 0.386 0.3848 0.3836 0.3829 0.3823 0.3828
! (2504 0.479  0.4829 0.4848 0.4870 0.4890 0.4910
;LaCI:; 0.477 0.4625 0.4576 0.4482 0.4375 0.4233
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transport numbers for cations in a single eectrolyte solution It should be noted that the summation
of transport numbers of dl ionsin the soil pore fluid is equa to one,

Tt =1 (3-26)

The transport number of a specific species will increase as the ionic concentration of that
species increases. Thsimplies that when a concentration of a species decreases relative to the total
electrolyte concentration in the pore fluid, its transport number and removal under electric currents
will be less efficient. Therefore, it is reasonable to assume that the efficiency of removal of a
specific species will decrease in time asits concentration in the pore fluid decreases.

3.3.3.3 Diffusional Charge Flux

Similar to the migrational charge flux, the diffusond charge flux due to the diffusional
mass flux of charged: speciesis evaluated using Faraday’s law of the equivalence of mass flux and
charge flux,

‘= ¥z (3.27)
Substituting Equation 3.10 in Equation 3.27, .

N
' = $zFD v(-c) (3.29)
J

3.3.3.4 Advective Charge Flux

Applying Faraday’s Law to advective mass flux will result in the advective charge flux,

w -~ c w
I' = £z F-L] (3.29)

Employing the preservation of eectricd neutrality,

Ycz =0 (3.30)
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Accordingly there is no contribution of the advective fluid transport in charge transport (I% =0).

3.3.3.5 Total Charge Flux

-The resulting total, migrational and diffusiond,Achargequx IS,

| =F $ 2,D,9(~c) + & v(-E) (3.31)

j=t
For one-dimensional applications, the total charge flux is given by,

ol . 9¢; «3E
1-‘—F:§lszj 37 "% 53

(3.32)

3.4 Conservation of Mass and Charge

There are two approaches in describing the position variable in a system; the Lagrangian
approach and the Eulerian approach. In the Lagrangian approach the coordinates of a moving
particle are represented as a function of time (this approach describes the history of individual
particles, material coordinates). On the other hand, the Eulerian approach describes the flux
changes by referring to specific points that are fixed in space (spatial coordinates). The Eulerian
approach, used in this formulation, requires a ddfinitefixed volume in space that has an arbitrary
shape, termed as the control volume (Bear 1972). The boundaries of the control volume aways
formaclosed surfacein space. Though the flux of matter in a control volume may change with
time, the shape and position of the control volume must remain fixed.

Consider afinite control volume of dimensions ax, a Y, a z, around a point O(x,y,z) in

the porous medium. The change in amount of matter or energy transported through a control
volume could be described by,
-v.J+R (3.33)

where R is a source/sink term. Principles of conservation of matter or energy require that the
Term 3.33 equals the amount which matter or energy are stored in the control volume during "t
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time. Conseguently, time dependent equationsfor consevation of mass, charge, and energy are
used to develop the partial differentid equations for transient changes in hydraulic head, dedric
potential, and concentration of the chemical species presented in the pore fluid.

3.4.1 Soil Consolidation

Applying the Conservation equation to fluid flux in a saturated soil medium (Terzaghi's
consolidation theory),

- = -v.J, (3.34)

where g, is the volumetric strain of the soil mass. In consolidation of fine-grained soils the

volumetric strain is equivalent to the change in void ratio per unit volume,

3e, _ _1 3e

al = T+e ar (3.35)

where eisthe void ratio. The changein void ratio, @ e, due to the increase in effedivestressis,
de= -a,dd =a,du (3.36)

where a, is the coefficient of compressibility, u is the pore water pressure, and ¢ is the

effective stress. Substituting Equation 3.36 in Equation 3.35,

ds, & QJu _  3u
ar - l1+e ar - ™31 (3.37)

where, m, is the coefficient of volume compressibility. Substituting ( = hy.), the

consolidation Equation is given by

dh
(vaw) —a-t- = =v. J\v (338)

3.4.2 Conservation of Mass

The partid differentid equation describing transient mass transport of speciesi is developed
by applying the law of mass conservation of speciesi,
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dnc,

St = -1, 4R, (3:39

where, Ry (ML-3T-1) is the production rate of the ith aqueous chemical species per unit fluid

volume due to chemical reactions such as sorption, precipitation-dissolution, oxidation/reduction,
and aqueous phase reactions.

3.4.3 Conservation of Charge

Applying consenvation  of charge to the charge flux equation,

o7, = -v.1 (3.40)
de

where T; is the volumetric charge density of the soil medium (CL-3). The electric potential is

related to the volumetric charge density by,

aT, aE

ETR T -4

where Cp has the units of the electrical capacitance per unit volume (farad L-3) and measures the

ability of soilsto hold electric charge. Substituting into Equation 3.40,
C dE _

s = _ 3.42
T v. 1 ( )
3.4.4 Chemical Reactions

Equation 3.39 may be simplified by expanding the production term, Ry, to account

for sorption reactions (surface complexation and ion exchange), agqueous phase reactions and
precipitation/dissolution reactions,

R = R +R"+R] (343)

where R: is aterm for sorption, similarly quis a term for aqueous phase reactions and RP for
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precipitation/dissolution reactions. Two approaches have been developed and used in the literature
to describe chemical reactions; instantaneous equilibrium approach and kinetics approach. In
instantaneous equilibrium reactions, be it sorption, precipitation/dissolution, or aqueous phase
reactions, species concentrations are assumed to reach equilibrium instantaneously whereby in
kinetic reactions approach concentrations in solution are assumed to be time dependent and change
before they roach chemical aquilibrium.

For several species, chemical reactions, specially precipitation/dissolution and sorption
reactions, have been found to vary with time before reaching equilibrium. It may be more
appropriate to use kinetics approach to model these reactions; however, this will unduly complicate
the modeling effort and it will require an independent investigation of each kinetics. Furthermore,
chemical reactions involved in this study are expected to reach equilibrium at avery short time.
Sorption reactions in low activity soils and precipitation/dissolution reactions of heavy metalsin
solutions often take minutes to reach chemical equilibrium. On the other hand, transport processes
of these chemical species in fine-grained deposits under dectric, hydraulic and chemical gradients
are dow compared to the rate of sorption or precipitation reactions. Consequently, the ratio of the
rate of chemical reactions to the rate of transport of heavy metals in low activity fine-grained
deposits is expected to be high enough to satisfy the assumption of instantaneous equilibrium for
these chemical reactions.

34.4.1 Sorption Reactions

The following genera term has been widely considered for evaluation of sorption of
species on thi soil particles,

. p 4s, I - ds, dc, P
R = -7 37 =% 32 1 i=12,.. N (3 .44

where p isthe bulk dry density of the soil, s; is the adsorbed concentration of the component i per
unit mass of the soil solids (mole/M) The reversible tem(d s; /8 t) isoften used to describe the

sorption rate. The equilibrium partitioning between the adsorbed phase and the agueous phase of
the chemical components are commonly measured under controlled temperature and applied
pressure, and the resulting correlations of s; versus¢; are callled adsorption isotherms. Several

equilibrium models (linear, Freundlich, and Langmuir models) have been used to describe sorption
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of heavy metals on soils. Assuming instantaneous equilibrium in sorption reactions and linear
isotherms, the change in concentration of the sorped phase of speciesi islinearly related to the
change in concentration of the agueous phase,

ds,
dc, ~ K (3.45)
where K4 is called the distribution coefficient Ky, of speciesi. A retardation factor, Ry, have

been introduced and used in modeling species transport accounting for linear sorption as,

K
Rd,.=l+p #

(3.46)

The retardation factors of species i, Rd;, define the rdaiverate of transport of a nonsorped species
to that of a sorped species. For a nonsorped species , Rd = 1.

Recently other methods have been used to account for R,'in contaminant transport equations

because the previous method ignores the effect of pH, ionic strength, redox reactions, competitive
adsorption, and the mechanism of adsorption. These methods include isotherm equations, mass
action models, and surface complexation models proposed by Langmuir (1987), Kirkner and
Reeves (1988); Yeh and Tripathi (19891, Mangold and Tsang (1991), and selim (1992), among

others.

3.4.4.2 Aqueous Phase Reactions

In the following formulation, it is assumed that the N number of chemically reactive
agueous species is divided into N, number of components and N,, number of complexes. In

agueous phase reactions, any complex j is the product of i’ s reactants components, i.e.
N

[

L ac -x j=1,... N (3.47)

where ?,' Is the chemica formula for component i, }7, is the chemical formula for the complex j,
a; is the stoichiometric coefficient in complex j for component i. The law of mass action implies

that
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N
‘e

¥, =K, Tle?  j=1....,N (3.48)

im] X

where X ;" is the equilibrium constant for aqueous reaction j. From Equation 3.47, the rate
accumulation of component | due to agqueous reacﬁod!f, Is:

R; = -q,R, (3.49)
where R, isthe rate of accumulation of complex j due to the chemical reaction . Thetotdl rate of

. . . aq .
accumulation of component i due to all aqueous reactions, R, , is.

N

N
R = LR, =-LanR, (3.50)

jml J=!

Consequently, evauation of R,“ requires .eval uation of N_ number ofR_j(j =1....N) and

therefore, Ny number of equationsis required. These equations are obtained from Equation 3.50
forj = 1,..,Ny . Note that Equation 3.48 requires known values of the equilibrium constant

K;’forjzl,....N

X

3.4.4.3 Precipitation/Dissolution Reactions

Bench-scale studies conducted at L ouisiana State University involving removal of Pb2+,
Cr3+ Cd2*+ and uranium by electrokinetics have shown that these metal ions precipitate close to
the cathode at pH values corresponding to their hydroxide solubility. It is necessary to account for
the precipitation/dissolution reactions in the formulation of mass transport equations. In
precipitation reactions, the chemical components are assumed to be composed of products,

N
p; ;bﬂ ¢ =1 .., Np (3.51)

where Z is the chemical formula for precipitate j, bji IS the stoichiometric coefficient in precipitate

j for component i, and Ny, is the number of precipitates for component i. The production of the
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precipitate will not occur until the solution is saturated. Therefore, the law of mass action is
written as,

N
k' 2 e/ =l N (3.52)
fa]

Where K j" is the solubility product equilibrium constant for precipitate j. By the same

rationalization of previous formulations, the total rate of production of component i due to

precipitation/dissolution reactionst, IS,

N N

? I 1.2

R, = LR, = - 'Z bR, (3.53)
=1 =l

where R; is the rate of accumulation of component i due to precipitation reaction j and Rf isthe

rate of production of precipitate |.

Similar to the case of the agueous phase reactions, evaluation of RP requires evaluation of

Np number of Rl' N p‘ equations for this case are obtained from Equation 3.52 for | = 1,..,NP.

Solubility product equilibrium constants Kf are available for any jth precipitation/dissolution

reaction.

3.5 General System for Modeling Species Transport

The theoretical formalism presented in this Section results in a mathematical system of
equations describing the transient reactive coupled muiticomponent species transport under
hydraulic, electric, and chemical gradients. The resulting sysem consists of differential equations
for transport processes and algebraic equations for chemical reactions. The objectives of this study
involve one-dimensional application of electrokinetic soil processing therefore, the formulations
are summarized in this section only for the one-dimensional transport of matter and energy.
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The differentia equations describing transport of N number of chemical species are
obtained by substituting the total mass flux, Equation 3.17, in Equation 3.39, which describes
conservation of mass. The resulting one-dimensional equation is,

dnc .d% . 9k . 3%h
KRR T ["" O "‘r]
ée, [ . 3E dh] 4
+ 3 | k)3T R 3-;] nR, (3.54)
forl =1,2,. N.

Note that for the case of nonreactive solute transport (R; = 0), steady state fluid flux

(dA/3x = const.) and no electrical gradient, Equation 3.54 becomes,
5 dc, dc, . 3h
at ~ Yige? T 3x “*ax
dx * oo (3.55)
Usudly, the advective fluid flux under hydraulic gradients is referred to by the advective velocity,
v, i. e, .
dh

v= -k, 37 (3.56)

Substituting the advective velocity in Equation 3.55,

dnc, o d’c. de,
at ' axt ~Vax (3.57)

which is the diffusive advective solute transport equation widely used to describe nonreactive
solute transport

Changes in the dedtric potential distribution across the soil as a result of changesin the
chemistry of the soil pore fluid is formulated by substituting the charge flux equation in the charge
conservation equation (Equation 3.32 in Equation 3.42),

3E ¥ 3%,  .3*E 3¢
5 PR e 5 - 5

? 31t dx (3.58)
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where, the soil effectivedectric conductivity, c‘, and its gadicnt are evauated by,

N

a=FYzcu (3.59)
m e

ao. d . acl

37 F’;lzju}?; (3.60)

Assuming zero electrical capacitance (C,= 0),
N 3%  _3E 349" 3E

O gx? dx*  dx dx
Note the fact that Equation 3.61 gives the relation between dectrica and concentration gradients.

As to fluid transport, substituting the fluid flux equation (Equation 3.9) in Equation

3.38 and considering only one-dimensional conditions,
3h _ . 3h K, 3’E

dat v axt t m.y., ax?

(3.62)

. The total number of differential equations which describe by this system are n + 2 which
are n eguations for species transport, one equation for charge conservation, and one equation for
soil consolidation. The unknowns described in this system are n species concentrations c;, one

eectric potential E, one hydraulic potential %, and n unknowns for the rate of i chemical reactions.
Therefore 2n+ 2 unknowns are described by n + 2 differential equations. The other n number of
equations required for this system are the mass balance equations for the chemical reactions.

3.5.1 Initial and Boundary Conditions

Differential equations describing any physical system require initial and boundary
conditions to develop the required solution. Initial value differential equations require initial
conditions while boundary value problems require boundary conditions. First order boundary
vaue problems demand one boundary condition, second order boundary value problems demand
two boundary conditions, and so on.
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The resulting partial differential equations describing the coupled transport of matter and
energy are initial-boundary value equations. Initial condition and two boundary conditions are
necessary for every transient transport differential equation present. Initial conditions for every
dependent variable (or potential) are evaluated according to the initial state of potential and/or
potential gradient distribution different types of boundary conditions can be specified for solution
of the transport differentid equations; these are Dirichlet boundary conditions, homogeneous
boundary conditions, mixed boundary conditions, and Neumann boundary conditions (Zwillinger
1989). The type of boundary conditions used differ from one case to ancther.

3.5.2 Preservation of Electrical Neutrality

. According to Faraday’s law for the equivalence of mass and charge, the rate of change in
the electric charge for a unit volume of the soil medium equas to the tota rate of change of
chemica species concentrations, times their charge, times Faraday’ s constant,

N - dnc.
Lz F 3 t,

j=1

(3.63)

Preservation of electrical neutrality requires that the rate of change of the electric charge per unit
volume must equal zero. Substituting Equation 3.39 in Equation 3.63,
dnc

, ¥ N
—5-;—’- =-YzFvJ +n}zFR, (3.64)

j=1 =t .

N
LzF

=t
The tota rate of chang of al chemical species under chemical reactions times their charge is

zZero,

N
TzR =0 (3.65)

j=1

In other words, for any chemical reaction,
A-mB™+ DM (3.66)

one mole of A will produce m moles of B * and | moles of D"™™. The total change in B +
concentration times its charge is (m moles of B # x (+1)) = ml. The total change in D-m

concentration times its charge is (I molesof D-® x (-m) ) = -ml. Therefore, the total change in
electric charge is ml-ml=0.
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For one dimensional applications, substituting Equation 3.17 for mass flux of species
I and Equation 3.65in Equation 3.64,

anc, e, 3? E 3%h
E:lZF a”c _ElzJFD ——-+ Zz"'nc [(u +k) ‘ax’] a8
. d¢; dh '
. + +j§leFl)j 'a‘i" [( +k )a + ky, ax]

However, Equation 3.61, aready describes the right hand side of Equation 3.71 to be equd to

zero. Substituting ¥, z,¢; =0,

N anc. N . dic N . 'E
_Zl:'z,-—atj = Y Fz,D; ax; + ¥ Fzeu; Fr
j=1 j=1 =t X
¥ dc. 3E (3.68).
i %=
+ ,;Fz,u, Iz 3x
Note that,
N
o°=F _Zl zicu; (3.69)
j-
da’ ¥, d¢
3% = F szuja—; (3.70)
jml
Equetion 3.68 is therefore described by
¥ dnc 3’c;, .3E 3¢ 3E
j;lej = ZFz, i3 T e T 3% 3x (3.71)

However, Equation 3.61 aready describes the right hand side of Equation 3.71 to be equal to zero.
Therefore,

YFz—L =0 (3.72)

In other words, the change in chemical concentration of species present in the soil pore
fluid due to different transport mechanisms will occur in away to preserve the electrical neutrality.
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Theoretically, preservation of electrical neutrality results from redistribution of the electrical
potential across the sample. The eectrical potentid undergoes a change in its distribution to account

for the electrica potential component that results from the concentration gradients of the charged
chemical species. Thisimplies that the electrical gradient is not described by Ohm'’s law any more,

but includes a diffusional component that is a result of concentration gradients within the soil pore
fluid . Failure to account for diffusond charge flux in charge trangoart equation results in failure to
presarve the electrical neutrality.

Modeling Acid/Base Distribution

The effect of soil acidity or akalinity, represented by the soil pH, is significant in heavy
metal-soil interactions and sorption. Changes in soil pH influence sorption reactions in various
ways. Literature reviewed in soil science and colloid chemistry demonstrates that surface charge,
and therefore cation exchange capacity, increases with increasing soil pH resulting in different
sorption characteridtics (Pratt 1961; Lorenz 1969; Hunter 1981; Maguire et a. 1981; Stumm
1992). Different sorption characteristics might be attributed to changes in the soil cation exchange
capacity. Furthermore, sorption by ion exchange is dependent on the availability of various cations
competing to balance the surface charge on clay partides At low pH values; Hl+ ions, behaving
like polyvalent ions, will replace adsorbed metals by ion exchange. The rates of ion exchange
reactions are dependent on ion concentration, pH, and the selectivity coefficient of each ion.

As described elsawhere, application of direct electric current through a soil mass oxidizes
the water at the anode, generating a local acidic medium, and reduces the water at the cathode,
generating an alkaline medium. Accordingly, soil pH decreases at the anode and increases at the
cathode. Furthermore, the acid front at the anode will advance towards the cathode with time by
the different transport mechanisms disoussed, The changesin the soil pH will greatly influence the
soil-water-electrolyte interactions and consequently contaminant transport and removal. It is
therefore essential to moded the changesin soil pH in modeling contaminant transport and removal.

Utilizngthe theoretical  development described earlier for species transport and interactions,
asystem of partial differential equations and algebraic equations is developed for modeling soil
pH. The differential equations are for transport of H+ ion, OH- ion, pore fluid, and charge. The
algebraic equations account for the water electrolysis reaction. All equations are
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nondimensionalized in distance by the following transform,
X ax 1
X"Z"a—x_:f (3.73)
where L is the spacing between the anode and cathode. The anodeisat X = 0 and
the cathode is at X =1.

3.6.1 H+ Transport

lon migration, advection, and diffuson are the processes considered in modeling transport
in this study. The differental equation describing one-dimensional transport of the hydrogen ion is
therefore described by,
dncy  (Dy\3%cy uy +k,) 3°E ° ky 3%h
o T\ axr TAT 7 Jax T ax
Oca|(uz + k) 3E Kk 3h -
3x||” L7 |ex T T ax| T H

Rd

(3.74)

+

Boundary conditions for the hydrogen ion transport equation are developed from
electrolysis reactions at the anode. The flux of H + at the anode has two components, the first is
due to the advective flow and the second is due to the dedric current.

Talp, = Chle + -é (3.75)

where ¢,® is the concentration of H * at the anode compartment. The electroosmotic advective flux

at the anode will carry H + ions generated at the anode into the soil. The first term on the right
hand side of Equation 3.75 describes the advective mass flux of hydrogen ion which isequal to the
advective fluid flux times the concentration of hydrogen ion at the anode. |n the second term, it is

assumed that all applied current at the anode will be efficient in generation of H * by the following
water electrolysis reaction,

2H,0 - 4¢” - O, + 4H" (3.76)
Consequently, the boundary condition for H+ at the anode (X=0) is developed by applying
Faraday's law for equivalence of mass and charge to the rate of production of H+,

3-38



D, aC, Vg ¢; J, |
-Lz aX-+ T Sr oo =1 .+ 39 (3.77)
where,
The boundary condition for H* at the catrlt_)_de (X=1), is
- z‘:’ Z;‘(*’ + VL“' el = c‘;f’ (3.79)

3.6.2 OH-Transport

Similar to H*, one dimensional transport of OH- is expressed by,
906y (Dia) 9 Con [(uea+ k.] dE  k, an
= 2 2t Con ) + 2 *
at L} ) X L X = L*aX
dCou |[Uont k.| GE + _E_g_a_h _I;-'q
aX L axX L* ax| ™%

(3.80)

+

Boundary conditions for the OH- ion transport are developed from electrolysis reactions at

the cathode. The flux of OH- at the cathode (X= 1) also has two components, due to
advective flow and due to the dedric current,

I
Jolge, = Cou Jw = F (3.81)

Note in this case that the advective component of mass flux of OH- at the cathode is an outflow
(negative), i.e. transporting from the soil to the cathode compartment. The difference between this
condition and the condition at the anode is that the fluid flux at the cathode is multiplied by the
concentration of OH- in the soil mass while at the anode it is multiplied by the concentration of H*
of the anode compartment. However, it is assumed that the boundary condition at the cathode will
be equal to that in the soil mass. In the second part of Equation 3.81, it is assumed that all applied

3-39



current at the cathode will beefficient in generation of OH- by the-following water electrolysis
resdian,

4H,0 + 4¢~ + 2H, + 40H" (3.82)
Again applying Faraday’s law to the rate of production of OHF at the cathode(X= 1) will result in,
Dow dcon 7t:ﬂ Contdw |
Tt 3% + 1 Com ST L T (3.83)
where,
- Uy k,) GE k., 3h
Vm:‘(f*L)&X‘ L 3% (3.84)
and the following boundary condition is used for OH- at the anode (X=04,
_D_;m_ dCoy —‘;oa l _C:)HJ w
1*ox ® tTL ‘e TTL
3.6.3 Pore Pressure
One dimensional eletroosmotic soil consolidation is described by
Y c, 2 k. 2
dh d'h .1 3°E (3.80)

at L' ax* gy, L’ 9X°
Hydraulic head difference between the cathode and the anode is controlled and kept at zero
in the experiment conducted in this study. Boundary conditions for this equation are, therefore,

constant hydralic  head at both the cathode and the anode,
h'xao = hlx-l =0 (387)

3.6.4 Charge Transport Equation
Assuming that the soil medium has zero dectricd  capacitance, the one dimensional electric
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potential distribution in timeis given by,

N (2D’ azc. c’ azE 1 aa‘ ] dE
= S L =] = | — | — (3.88)
° _Fj;( L? ] ax* * (L’] ax: T \F x| ax

once again, the soil effective electric conductivity, ¢*, and its gradient areevaluated by,

e . Qg
c =F szi Y 3% (3.89)
N ac,
%(_j_ TEE 2w o (3.90)

Boundary conditions for charge conservation equation are developed from the current value
at the boundary. The constant current applied throughout the experiment would result in the

following boundary conditions,

N D’ dc c¢" JE I
- j | = — 3.91
FLATT 9% T3 l C -
Elx.l - 0 (392)

3.6.5 Water Auto-ionization Reaction

In aqueous solution water autoionization is an important reaction for H* and OH- ions,
H,0 — H* + OH" (3.93)

Therefore it is essential to incorporate this autoionization to model the soil pH, This reaction will
generate equa number of moles of H+ and OH-,

Acy = Ac, (3.94)
or,
RS = RS, (3.95)

Also, law of mass action for water ionization requires
Cy Con =K, =107 (3.96)
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Six unknowns are defined for modeling soil @ these are h, E, Cy, Coy, Ry, and Ry,

Equations required for the solution are 4 transport partial differential equations (Equations 3.74,
3.80, 3.86, and 3.88) and two algebraic equations (Equations 3.95 and.3.96).

3.7 Modeling Lead Transport

Lead removal by electrokinetics is modeled in this study in an attempt to assess the
principles of the technology and to check the vaidity of the theoretical modd presented. Though
various cations and anions might be present in the soil pore fluid at different concentrations, only

four ions are included in this model. These arc Pb?* because it is the species of concern, NO™3,

since lead nitrate salt is used for the experiment, and H+ and OH- because they are necessary in
describing the acid/base distribution that has a great influence on the pore fluid chemistry. Four
one dimensional partial differential equations are formulated in describing the transport of these
ions. Dramatic changes in the concentration of these ions will result in different chemical
reactions. Chemical reactions included in this model are the reactions describing
precipitation/dissolution of lead hydroxide (Pb(OPDz), thc water auto ionization reaction, and

sorption reactions.

Other dependent variables included in the model are the changesin distributions of the
electrical potential and the hydraulic head. The change in eectrica conductivity across the soil as a
result of continuous change of ionic strength of the pore fluid will lead to changes in the electrical
potential distribution. The charge transport equation is used to model the changes in the electrical
potential. Changes in electrical gradient distribution will develop nonlinear pore water pressures,
resulting in suction in this case, across the soil between the dectrodes  Development of pore water
pressure is modeled using the fluid transport equation, which is the eectroosmotic  consolidation
equation based on Terzaghi's consolidation theory.

Following the theoretical development presented earlier, a system of differential/algebraic
equations is developed to model transport and removal of lead from kaolinite by electrokinetics.
Boundary conditions for these equations are developed based on the changes in hydro-electro-
chemical characteristics of the anode and the cathode. The anode is taken to be at X = 0 and the
cathode at X=I.
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3.7.1 Pb*? Transport

The following equation is used to describe pb2* transport under hydraulic, eectric, and
concentration gradients,

dncy, D;, achb ‘ ug, + k, | 3%E k, 5°n
gt o \F)ax T |TF )Xt LT ax
] | (3.97)
dcp, |{Up + k.| E . k. dhn R?
* 33X L’ )X "L X b

Boundary conditions for the given partia differential equation are evaluated assuming that
lead is not involved in dectrolysis reactions at the cathode and the anode. Therefore, the mass
fluxesof lead at the cathode and at the anode are equal its component in the advective mass flux,

Dy, 9 Cpy —
———— , V c _ Cpp Iy 3.98
L ax Pb 14] o 14 ] ( )
D;, 9 ¢, —
™ 1",+ v Py c?b x = C;b J' (399)

where, _
- u;, +k,\ GE k,) dhn
Vo = = [ “L ] X - (Th) 7% (3.100)
3.7.2 H+ Trangport
The differentid eguation describing H+ transport is given by,
ra, 22ex _ (Da 3y uy +k ) 3°E k. 3%h
v S| axr TR Jax T T ax 610
. 101
9% [tk | 3E  ky oh R )
ED L? | ox T[T ax| " "
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The dectrolyssreactions at the electrode are assumed to be the same as those defined in

Section 3.5. Hence, the boundary condition given for H+ and OH- transport are the same as those
defined for modeling soil pH in the previous section. For H+ at the anode (X=0),
. =D dc, —v.u.

g J, |
1! ax + L (3.102)

x0 —~ L + FL

where,
- _ (%  k)3E k a1
ee-lE )R- TR (3:103)
and the boundary condition for H+ at the cathode (X = 1),
D;l‘ ac, ;'H’ Cy J'
TLeX YL S|, =L (3.104)

The transport of H+ through the soil towards the cathode will affect the sorption

characteristics of lead on the day surface. H+ is expected to replace the adsorbed lead by ion
exchange and at the same time attack the clay surface and result in surface complexation that

changes the dectrica charge of the soil patide Consequently, the transport of H+ will be retarded
due to sorption reactions (ion exchange and surface complexation). The rate of H+ sorption or
retardation has not been thoroughly investigated, however, a retardation factor, Rdy, can be

incorporated in the modd to account for these sorption reactions. Evaluation of this retardation
factor is presented in Section 7.3.1.

3.7.3 OH- Transport

The transport equation for OH- ion is given by,
"dncqy  (Doy) ey uow +k,) 3'E  k, 3%

dt (L ext TCe T Jax T ax
3o Hu;,, +k.] IE Kk ahl

(3.105)

*3X T |3X * 17 x| "Rw
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with the boundary conditions, at the cathode (x = 1),

DSy 9Cow  Von _ Sauls I (3.106)
L 99X L c". X=1 L FL
anda theanode (X=0),
Diw %, You | _ Sowl. (3.07)
TP X L L

3.7.4 NO 3, Transport

It is necessary to account for NO™3, because it is present at high concentrations since lead
nitrate sdt is used in spiking the soil. The need to account for N0y also arises to achieve electrical
neutrality in the system. Like other charged species ~ NQ7 fransport is given by,

dncN _ Dy} %N | sy +k) °E ki 9'h
at ~ \L*) ax? ¥4l L ax* L ax?

| (3.108)
dcy [(uy +k,) 6E ky b
*IX L )3x T L oex, o
with the boundary conditions,
Dy dcy — .
D; dc -
B o Ty e 110
- uy + k.| GE k) db 3.111
"N*’( L )ax‘°~[x.)ax (.11

Note that since the global electrical neutrality is necessary (as shown in Section 3.42)
concentration of one of the species could be cdculated from the equation requiring preservation of
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electrical neutrality. For example, since NO™3, isthe least reactive species among the species
present, its concentration can be evauated by,

3
Lz Ci 3

j=1
- ze =ZZ‘- Cj (3112)

=l

Cy =

wherei =1, 2, and 3 refer toPb2*, B*, and OH-. Significant computation time can be saved when
thisequation is used.

3.7.5 Soil Consolidation Equation

Once again, the soil consolidetion equiation describing the hydraulic potential distribution is
given by,

8h _ o o'k 1 QE

gt L' aX' " p 4 -L* 39X’ (3.113)
With the boundary conditions,

hig.o = hly., =0 (3.114)

3.7.6 Charge Transport Equation

As described before, the electric potential distribution in timeis given by,

o [zD[) 3% |o°) 3E : {1 3d¢7) GE
0=F Z( ;‘21 ] X + |1-2-] + (-I? 3% ] 3% (3.115)

=l

with the boundary conditions,

N D-‘ aC- o»' aE I

- 2 %% o JGE 1
[ Fjglz, L? 9X D ST (3.116)
Elx.; = 0 (3.117)
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3.7.7 Chemical Reactions

Solution of lead transport and removal requires evauation of the chemical reactions that
might occur as a result of changes in the soil chemistry. As presented before, these chemical
reactions are described by a set of nonlinear algebraic equations under the assumption of local
equilibrium. Reactions included in this study are lead hydroxide precipitation/dissolution reaction;
water auto-ionization reaction, and lead-sorption.

l. Lead Hydroxide Precipitation/Dissolution
Pb(OH), ™ Pb** + 20H" (3.118)

Law of mass action for this reaction requires
Con Cpy < Khyom, = 2.8 *107"° (3.119)

. Water Auto-lonization Reaction

H,0 = H® + OH"- (3.120)
Law of mass action for water ionization requires
CyCoy = K, =107 (3.121)
. Mass conservation

Dissolution of 1 mole of lead hydroxide will generate 1 mole of Pb2* and 2 moles of

OH-. This means that the change in OH- molar concentration due to lead hydroxide

dissolution/precipitation reactionis twice the change of Pb2* molar concentration. At the same

time the change in molar concentration of OH- due to water autoionization equals the change in

molar concentration of H+. Consequently, the total change in OH- concentration due to both
reactions is given by

Acoy) = Alcy) + 2A(cp,) (3.122)

o,
Row = Ry + 2Rp, (3.123)
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IV.  Lead Sorption Reaction

Dissolved lead in the soil pore fluid is assumed to have, the form of Pb?* which is highly
retarded and adsorbed by different types of clay, compared to other heavy metas, as presented in
Table 2.2. Lead sorption characteristics are controlled by a number of variables, most importantly
soil pH and lead concentration Yong et al. (1990) describe lead adsorption isotherms at different
pH values and concentrations for differnt types of clay. The results for lead sorption on kaolinite
are used for this study to describe lead sorption at different pH and concentration. The following
empirical relation is assumed to describe lead sorption on kaolinite,

$py -0.27ch, (PH- 1) (—‘:,-) (207.2 « 1000)1.0<pH<3.7 (3.124)
4

Spy = 0 pH< 1.0 (3.125)

Spy =0.5CEC o 207.2#10°  pH>4.7 (3.126)

where ¢tph is the total adsorbed and solute concentration in molelL (= s?b + Cgy), CEC is the cation
exchange capacity, which should be substituted in equivdent/gm (for kaolinite used CEC =1.06
milliequiv/100 gm, =1.06* 10-5 equiv/gm), and 207.2 is the atomic weight of lead. Note that
Equation 3.126 and. Equation 3.128 are multiplied by 1000 and 106 respectively to evauate the
sorped lead in mg/kg. Figure 3.6 presents a comparison between the empirical relation assumed for
lead sorption at different pH values and the experimental results of Yong et al. (1990).

10 unknowns are defined for this study, these are h, E, ¢py, €, Corr SN Spbe RPéb, R,
and Rgy. Six transport partial differentid equations are used, these equations are 3.97 for Py2*

transport, 3.101 for H* transport, 3.105 for QH- transport, 3.108 for NO™3, transport, 3.113 for

soil consolidation, 3.115 for charge transport. The other four equations required for the solution
are the algebraic equations 3.119 for lead hydroxide precipitation/dissolution, 3.121 for water
autoionization, 3.122 for charge conservation of the chemical reactions, and one of 3.124-3.126
for lead sorption (depending upon the soil pH).
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® Towl Pb = 0.05 cmol H/kg soil (0.05 meq/100g)
B Total pb=0.5 cmal H/kg soil (0,5 meg/I00Q)

& Total Pb=5.0 cmol/kg soil (5.0 meg/ 100g)
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Figure 3.6: Lead Sorption at Different pH Values (Experimental Data from Yong et al., 1990)
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Section 4

NUMERICAL SIMULATION

4.1 Introduction

Numerical simulations are of great importance in engineering and science. They are of
major interest in providing solutions to the theoretical and mathematical formalism ofa particular
physical system, specially when analytical forms of solution are not possible,

- they are used to bridge the gap between theoretical developments and experimental

results,

they can be used to evaluate the importance of a specific physical effect on the
physical system by turning this effect on or off, changing its strength, or changing
its functional form,

they may be used to test the validity of the theoretical fornaism, and quantitatively
test existing theories,

once a numerical model is tested and verified, it can be used as a design and
analysis tool for full practical application, and '

they can be used to quantitatively evaluate new ideas.

Theoreticd moddsand numerical solutions for multidimensional transient coupled species
transport in groundwater under hydraulic and chemical gradients have shown significant progress
in recent years. In most of these models, a coupled system of partial differential and nonlinear
algebraic equations is developed and solved by different numerical approaches. Three of these
numerical approaches are identified and used successfully by various authors,
1. providing a solution to the mixed differential and algebraic equetionsin which the
transport eguations and chemical equilibrium reactions are solved simultaneously as
asystem (Miller and Benson 1983; Lichtner 1985),

2. direct substitution of the algebraic chemical equilibrium equations into the
differential transport equations to form a highly nonlinear system of partia
differential equations (Vallocchi et a. 1981; Jennings et d. 1982; Rubin 1983;
Lewis et a. 1987), and
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3. iterating between the sequentially solved differential and algebraic equations
(Kirkner et aL 1984,1985; Yeh and Tripathi 1991).

Detailed reviews of thesemethods have been presented by Yeh et al. (1989) and Kirkner et al.
(1988).

The third approach, sequential iteration between partial differential transport equations and

chemical equilibrium algebraic equations, is used in this study because,

: the above described first and second approaches require intensive computer work
and CPU time, specially for two or three dimensional applications (Yeh and
Tripathi 1991),
the algebraic equations do not include spatial derivatives, hence they are applicable
to a batch system only (point equations) and sequentia solution of these equations
a every time step is more redlistic and a reasonable choice,
since the transport equations for different species are identical in form, it is
convenient to solve them one by one independent of each other and then iterating
with the chemical equilibrium equations.

4.2 Solution Scheme

The theoretical formalism presented in previous Sections produces a coupled system of
partia differentid equations, describing transport of fluid, charge, species, and nonlinear algebraic
equations describing species chemical reactions. The numerical solution scheme utilized for this
system, using the sequentia iteration approach, is summarized in Figure 4.1. The procedure is
explained in detal in Section 7.

Boundary and initial conditions arc specified at time (T; = 0). The solution starts by solving
the differential equations describing species transport to evaluate species concentrations at time
(T=T; + At). Initia vduesof Eand h and their gradients atT=T; are first used in these equations.
The new concentrations of the chemical species are used in the algebraic equations for the chemical
reactions to evaluate the rates of production of species due to chemical reactions. The new
concentrations are then used to evaluate the electric conductivity distribution and the first and
second derivatives of concentrations. These values are used to solve the charge transport equations
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Initial Concentrations, Electric Potential, .
and Hydraulic Head at Ti=0-(Cji G=1,4), Ei, hi)

Y

T=Ti+DT

Y

Solve Transport PDE's using E=Ei and b=hi

Evaluate C(H), C(OH), C(Pb), C(NO3)

Y

Solve the Algebraic Equations Describing
Chemical Reactions to Evaluate New Concentrations

'

Bvaluate First and Second Derivatives of Species
Concentrations, Electric Conductivity and Its Derivative

'

Solve Charge Conservation Equation
to Evaluate E at T=Ti+DT

'

Evaluate the First and Second Derivative
of the Electric Potential (E)

'

* Solve Soil Consolidation Equation
to Evaluate h at T=Ti+DT

'

Evaluate First and Second Derivatives
of the Hydraulic Head (h)

!

NO -—t Check E with Ei i

T=Ti

Figure 4.1: Flow Chart Describing the Sequential Iteration Scheme Used
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to evaluate the electric potential digtribution E at time T=T;+At. The second derivative of the

electric potentia is then evaluated across the specimen and used to solve the soil consolidation
equation toevauate the new hybraulic potential disribution at T=T;#At. The new electric potential

distribution is then compared with the distribution used to used to solve species transport
equations. I the two distributions do not compare within a specific tolerance, then the new
distribution of E is used in the species transport equations and these equation are resolved. If the
two distributions agree then the solution proceeds to the next time step.

The computer program developed is discussed in more detail together with its subroutines
in Section 7. Appendix A presents a listing of the computer program, while a sample data file
pertaining to the pilot-scale study is presented in Appendix.B. The numerical methods used for the
solution are described in the following sections.

Extensive literature exists on numerical approximation of different transport partial
differentia equations with various boundary and initial conditions. Finite-difference methods and
finite-element methods are the most widely used numerica gpproximations for solving transport
partia differentid equations. Though finite-difference method can provide an adequate and accurate
solution for one dimensional transport equations, the finite element method is adopted in this
study. The finite dement method is more appropriate in tregting the f!'ux boundary conditions, has
the ability to discretely describe complex boundaries, and it is easier to use this procedure in
caculating the cross-derivative terms.

The Gaerkin weighted-residual method is used as the variational (or weak) method of
approximation. In an attempt to prepare a two-dimensional transport model, two dimensional
elements are chosen for the finite element discretization in spite of the one dimensional application
in this study. The Choleski decomposition method is used for matrix inversion and the bisection
method is used for solving the chemical equilibrium algebraic equations.

4.3 Finite Element Solution of PDE’s

The general form of the partial differential equation governing two-dimensional advective
dffusve species transport with zero and first order production rates is given by,
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¢ + 3 dc dc dc
Do gy "Vagx “Vrgy tHetYS R 3¢ @1

where Dy, D.y are the diffusion coefficients in x and y directions respectively, v, and v, are the

flow velocitiesin x and y respectively, p is the first order produdionrate, and y is the zero order

production rate. Boundary conditions can be ddfined as,
C=6G (4.2)

on the boundary B1, and,

dc de
(v;+v, X -D, 5= Ix - D’-a—; =q (4.3)

on the boundary B2, where q is the mass flux of species at the boundary. Figure 4.2 presents a
schematic diagram of a two-dimensina domain for this case with the given boundary conditions.

4.3.1 Variationa Formulation

Variational formulation isaweak formulation that describes the differential equation as a
recast of an equivalent integral form. A large number of variational formulations have been
introduced for deriving approximate solutions. For most linear problems the weak (or variational)
formulation is equivalent to the minimization of a quadratic functiond 1(c), known as the total

potential energy, that describes the physical system (Reddy 1985).

The quadratic fundiondl corresponding to Equation 4.1 is described by,

1@ =] @@ +uc + 1) dxdy (4.4)
D

where I(c) (or 1) isthe variationa of c, D is the plane region with the boundaries B1 and B2
(Figure 4.2) and the operator L is defined by,

L_(D—a—+D-a—-v—5—-v—i- Rﬁ—] (4.5)
*a Yay? ax T ax at
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Figure 4.2: General Space Domain for Two-Dimensiona Problem with the Boundary Conditions
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The first variation of this integral equationis

5.1= 3, IJ" @L(c) + pc + y) dx dy (4.6)

Since the energy must be minimized, thefirg varigionmust equd zero
§,/=0 (4.7)

Equation 6 can be further ssimplified by utilizing integration by parts. The diffusontermsin x and
y directionsareexpressed as,

fan,a,dxdy f[ —;‘-}

ds - f[ (—-)D ——]dxdy (4.8)

fan,a zdxdy-—;!'[SD —-—}

¥a

[5(__)13 __dedy (4.9)

where the first term on the right side represents the boundary conditions on the perimeter (B). The
boundary conditions are introduced as

5,0,‘3‘92} - 5, JL S—J
X jia
(4.10)
de
Bt
de
50, - s 0, 2]+ [s.orie]
Y lla Y i 9y Jlas (4.1
7ay

Thevalueon Bl isequal to zero since the variation (3,) is zero for the constant concentration
boundary condition. From Equation 4.3,

D"a—x + Dyé'; =(v, +v,)c-q (4.12)



[[od oo, g5 T [t

B2

Substituting Equations 4.8-4.11, and 13 in Equation 4.6,

5, 1= -IJ;[ (—-—)D, o< +6(§§-)Dy ay‘dxdy

+ f 5.1V, +v,)c —q] ds
B2

de dc dc
-0-1_!‘6c ["Vx?;_ ay+uc Y- Rat|dXdy

(4.13)

(4.14)

Two-dimensional 8-nodal (quadratic) isoparametric elements are specified for domain
dsrdization. 8-node elements are selected inorder to achieve reasonable evaluation of the first
and second order derivatives of the dependent variables. Figure 4.3 shows the elements together
with the shape functions. soparametric element is used bacauseboth the dependent variables and
the local coordinates can be interpolated from nodal values. Shape functions N; for this sub-

domain are given as (Burnett 1987),

N, = -5 (1-8)A-mA+E+)
N, = 3 (1-E)(1-n)
N, = -7+ A-n-E+n)
N, = 3 1+E)(1-n)

48
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Ny = —5(1+8) 1 +m) (1-&-n)

No= (1-8)(1+n)

, (4.15)
N, ==3(1-8) (1 +m) (1+&-n)
N, = 7(1-81-1)
and,
NI = [N; N, Ny N, Ng N N] (4.16)

The coordinates and the functions are described by:

x= [N]" {x;} =LN; x;
y = N (.} =EN, ¥, (4.17)
c = NI"{c;} = IN;¢

where x; and y; are the global values of the nodal coordinates and ¢; isthe nodd concentrations in

the specific element Consequently, the function spatial derivatives are

dc [3qT°

ax= [a;_ {e) 1o
3 INT 4.18
55«

Since the shape functions are dependent on the local coordinates & and iy
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g 9x gg 9y 3¢

4.19
dN, dN, ax N aNigZ (4.19)
an - dx an dy an
&) [dx day]a 3
gE d& J& | |9x dx
{ L = ¢ =[5 ¢ (4.20)
3 ax 4 | |8 9
on| |anan L9V 9
where [J] is the Jacobian matrix. Hence, the x and y derivatives are evaluated by
K =
dx 19§
{o =0} (4.21)
9 3
9y an
3y _9%
, an 9§
3t = m (4.22)
_8x ox
& dn
The determinant | J] (or the Jacobian) is given by:
Il = 9x 9y _ 9% 3y (4.23)

d& dn adn dg
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The deterninant of the Jacobian matrix/j/can be regarded as rati o between an infinitesimal area in
the parent dement to the correponding infinitesimal areain the rea elenent that it is mapped into,
dxdy = [J| & dn (4.24)

The Jacobian matrix is evaluated using Equation 4.22.

4.3.2. Local Matrices

Equation 4.14 can be formed at the local dement k as:

dct ) et | [ac ) L ac ]
= - = — Di—|dx d
8, = {[s(ax ]D" ax 0 dy )77 dy Y

J-8c[(v +v)c - q]ds

(4.25)

x a'-'-fk . x kK _ k_aik.] y

The dependent values for the local element k in Equation 4.25 are

]T{ck} (4.26)
5ck = [5ck]T(N} (427)
8¢ = [set] (N) (4.28)
3¢ ) _ [ x]T[ON] 4.29
5(—5;)- [5c*] {ax} (4.29)

The local element (k) matrices can be formed by substituting Equations 4.26-4.29 into Equation
4.25,
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- b [ RRT o e

+ {6*‘:*}3’ f(vfi +v) [IN]IN]™ {c}* - [N] q] ds}
f‘? o (4.30)
s foct) ) [-v vy 2R N Y dedy (c1*
S e[S v [ s 0
+ {6(;“} f{”k INJINT {c}* + y* [N] = R® [(N][NT {ﬂ : }}dx dy}
D ot
Thetime derivative is evaluated using a forward finite difference approach described by,
dc (C)uu + (c}!
At = _ (4.31)

At .
The resulting formulation of the loca iffness matrix can be represented by

- e [[SKF?‘ + (VL - [AK)* - [VB]* + [—E—j’:J{cﬁ.m
. (4.32)

At
B f‘mr - {Q}* + {F

R (e o T 1 N

[VBI* = [ (vE+v*) [N] [N]"ds (4.34)
c2
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[E]* = [R* [N} [NJ"dxdy

[SKF] represents diffusion terms,

[VL] represents velocity terms,

[E] represents retardation term,

[AK] represents first order production term,

[VL] represents the velocity term at the boundaries,
{QQ} represents zero order production term, and
{F}  representsthe flux term.

Applying the Transform 4.21, these matrices are equa to,

1 1
- 7 T
[SKF]* f .”D‘ °N'ia—N] ept, (AN IONTY 5 e an
dx | | dx | v 3y | By |
-1-1
1 1
k " GN]T kr N'! .
VL] = -vi [N} |51 = v N =a—|)|J;d§dn
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(4.36)

(4.37)

(4.39)

(4.39)

(4.40)

(441)



|

{QQ}* = f fv‘ [N] 13} dg dn (4.42)

(E]* = f f R*[NJ[NT" 1)l d& dn (4.43)
-1 -1

I 1

[AK]* = f fu“[N] [NJ" 131 d€ dn (4.44)
-1 -1

4.3.3 Gauss Legendre Quadrature

The areaintegrals in Equations (4.40-4.44) are evaluated numericaly using Gauss
quadrature. Gaussian product rules (multidimensional Gauss rules) are generated by successive
gpplication of one dimensiona Gauss rules as follows,

11

f f (8., ) d€ dn (4.45)

-1 -1

Int.

1

f(;W.C(E, n)) dn = lXZW.W,-c(i,,n,.) (4.46)
-1 J

Int.

where, Wi and W/ are the weight factors for the selected sampling points ¢; and n; Nine sampling

points are selected for ¢; and n; 0.7745966692 and + 0.0000000000. Weight factors for these
points are 0.5555555556 and 0.8888888889, respectively.
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4.3.4 Global Matrix

The connectivity of each element is used to generate the global stiffness matrix.

5.7 = {oc) H{sm cwr - akr - er e El e
t
[E‘}g ) (4“46)

Since the formulated global matrix accounts for all elements of the mesh, then the first vanation of

the integral equation 8,18 must equal zero to minimize the energy input to the system. Furthermore,

the variations §_ are arbitrary which renders Equation 4.46 to,

[SKEJ* + [VLJ* - [AKJ® - [VB)* + % (e
- (4.47)
EL (et - 1QQ)F + (F) =0

Of,

£ (4.48)

The above formulation of the finite element solution of the partial differential equation will
result in the following matrix form

A-c=b (4.49)
where A is the global matrix developed, ¢ is the column vector describing unknown concentrations

at time (t+At), and b is the column vector developed for initial and boundary conditions and zero
order production rate.
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4.3.5 Choleski Decomposition

For any nonsingular square matrix A the rows can be reordered so that the resulting matrix
has an L-U factorization .
L-U=A (4.50)
where L is the lower triangular and U is the upper triangular. For the case of a 4 X 4 matrix, as an
example, Equation 4.50 will be

@1 0 0 0 ||By Biz By Bus [a,, 3,5 .15 314
Xy X33 0 o 0 By, Bas Bae _ a4y 4y; 25 2y, 450
@y, X3y Ay O 0 0 B,; By, 41 332 A3 2y .

- L3a1 3qz 43 A4
a, @, @, a,j|0 0 0 B,

Instead of using an arbitrary lower and upper triangular factors L and U, Choleski decomposition
constructs a lower triangle matrix L whose trangooseLT can itself serve as the upper triangular
part (Bathe and Wilson 1976; Krcyszig 1988). In other words,

L-LT=A (4.52)

The components of LT are, of course, related to those of L by
LT = Ly (4.53)

Solving for components of L will result in

L; = {aﬁ - E ;;)- (4.54)

o py T
Lji = T(aﬁ- ZlLu:Ln:) =i+ Li+2,...... o (4.55)
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4.4 Verification of the Finite Element Solution

It is necessary to verify the computer program to assure that the mathematical formalism
and the computer code are correct. Program verification requires comparison of the program results
with verified analyticd or numericd solutions to known problems.

Various attempts are made to compare the numerical solution with existing analytical
solutions of specific problems. Preliminary comparisons are made with ordinary differential
equations describing either boundary value problems or initial value problems and the finite
element solution showed good comparison with anaytical solutions to these cases. Verifications
of the numerical model and computer code are accomplished through comparisons with various
analytical solutions for initial-boundary value problems, similar to those present in Van Genuchten
and Alven (1982). These comparisons are provided in Appendix C for certain practical problems
with constant and/or flux type boundary conditions.
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Section 5

EXPERIMENTAL MODEL

5.1 Introduction

A laboratory testing program has been developed to investigate the effect of up-scaling
bench-scale tests and to demonstrate the feasibility and cost efficiency of e ectrokinetic soil
remediation at dimensions representative of field conditions. Second, it was essential to compare
the results of the experimental model with the results of the theoretical formalism devel oped.
Accordingly , apilot -scale test setup was designed. The following criteria were used in the design,

. one-dimensiona conditions and an intermediate case between bench-scale and
full-scale in-situ remediation was represented,

. introduction Of any boundary effects was minimized.

. constant hydraulic head difference between the anode and the cathode was main-
tained throughout testing.

. constant electric current Or electric potential difference could be applied across the
soil mass,

. space and time changes in electric potential, pressure head, and temperature, across
the soil mass could be measured, and

. soil samples should be available for chemicad andysis during testing.

5.2 Equipment and Instrumentation

There are no standards available for conducting pilot-scale laboratory tests and
consequently no standard equipment or instrumentation are available. Standard procedures are
used wherever and whenever avalable.
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5.21 Test Container

Figure 5.1 provides a schematic diagram of the container used for the pilot-scale
experimental study. The container was made of plywood so that it did not conduct electricity but
resists the lateral compaction pressure. Container dimensions were chosen to be 91.4 cm width x
91.4 cm height x 182.9 cm length (36.0 in x 36.0 in x 72.0 in). These dimensions were selected
in an attempt to minimize boundary effects, establish one-dimensiona flow conditions, and
presented a reasonable electrode spacing between bench-scale experiments and full scale field
implementation. The effect of electrode spacing to the efficiency of the process was not well
established. A wooden base was used to separate the container from the ground and to detect any
leakage.

The inside of the container was sedled with silicon sedant and then wax painted. In order
to avoid any fluid leakage from the container, 80-mil High Density Poly Ethylene (HDPE) Gundle
liner was fitted inside the plywood container. HDPE/Bentonite composite (Gundseal) also was
placed ingde the wooden container as a second liner dong the walls across the eectrodes.

5.2.2 Electrodes

Several types of electrodes can be used in electrokinetic soil remediation. Inert graphite
electrodes were used for both the anode and the cathode to prevent introduction of corrosion
products that might complicate the electrochemistry due to electrode electrolysis reaction.
Electrodes are purchased in rods each 6.35 cm (2.5 in) diameter and 76.2 cm (30 in) length. Each
cathode and anode series consisted of arow of five equally spaced electrodes at a center to center
gpacing of 18.3 cm (Figure 5.1). Electrodes were held by polyacrylite frames that fit inside the
anode and cathode compartments (Plate 5.1).

5.2.3 Power Supply

Sorensen (DCS 600-1.7) power supply was used that can provide 0-600 V DC and 0-1.7
Amps. The DCS 600-| .7 had two operating modes; constant current and constant voltage. In the
congtant voltage mode, the output voltage was regulated at the selected value while the output
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Figure 5.1: A Schematic Diagram of the Wooden Container and Lining Material Used for Testing
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Plate 5.1: Graphite Electrodes Used in Pilot-Scale Tests
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current varied with the load requirements. In the constant current mode, the output current was
regulated at the sdected va ue while output voltage varieswith the load requirements. The constant
current mode was selected to generate the required eectric fidd in order to control the electrolysis
reactions at the electrodes such that a constant rate of production of eectrolysis products occurred.
The current displayed by the power supply was determined to be accurate to 0.1% as specified by
the manufacturer and any other current messirement was not found to be necessary.

5.2.4 Instrumentation

Various probes and devices were used to monitor physicochemical changes in the soil
while processing. Voltage probes were used to monitor the voltage distribution across the soil;
thermocouples to monitor temperature changes, tensiometers and transducers to monitor suction,
and pH meters to monitor cathode and anode pH values.

Tungsten wires were inserted at different locations and used as voltage probes to measure
the electrical potential distribution across the soil mass. It was estimated that a 200 to 300 volt
difference will be developed between the electrodes (2-4 V/cm) at 130uA/em. A voltage divider
was designed and built to attenuate 0-300 V range to a 0-10 V range. A schematic diagram of the
voltage divider is shown in Figure 5.2. T'he formula used for dropping the voltage proportionally
IS given by

, Rl + R2
Attenuation  =——p=— (5.1)

An important factor in deciding the values of resistors used was that the resistors Rl and R2 are
going to disspate al the power in the divider. The higher the value of the resistance (R1 + R2) the
less power was dissipated by the divider circuit. The values of R1 and R2 used were 10 M ohm
and 360 k ohm, respectively.

Suction in the soil across the electrodes was measured using tensiometers connected to
transducers linked to a demodulator. Figure 5.3 shows the suction measurement setup.
Tensiometers consisted of a porous ceramic cup connected through an airtight tube filled with
water to a transducer (or manometer). When the porous cup was placed in the soil, the bulk fluid
(water) inside came into contact with the soil pore fluid. Generation of suction in the soil pore
fluid is then transmitted to the fluid inside the cup and consequently to the transducer. The
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measured pore water pressure or suction will have agravitationa component that varies with the
reference level. As shown in Figure 5.3, the gravitational component of the tensiometer pore fluid,
z, was determined fromthe elevetion of the porous cup relative to the reference level.  The porous
ceramic cups, purchased from Soilmoisture Equipment Corporation, were 2.86 cm (9/8 in) length,
0.64 cm (/4 in) outer diameter and with 100 kPa air entry value. Plate 5.2 shows the porous cup

together with other probes used in large-scale experiments.

Pressure transducers, DP215 purchased from Vdidyne Engineering Corporation, were
used to evaluate the suction generated in thetensometers. Figure 5.3 presents a schematic diagram
of the pressure transducer. The transducer block consists of a diaphragm sensitive to pressure
changes placed between two coils. When suction is developed in the tube coming from a
tendometer it will cause the digphragm to deflect towards the cavity. As aresult the magnetic field
between the inductance coil emplaced in each block is disturbed and an electric potentia is
generated across the coil.  The magnitude of this potential represents the amount of diaphragm
deflection.

Pressure transducers require an AC excitation and return an AC signal. A carrier
demodulator, therefore, is needed to provide the AC excitation and convert the AC sensor signal
into a high level DC output. CD280 four channe carrier demodulator with £10 V DC anaog
output is purchased from Vaibyne Engineering Corporation and used for this purpose. |t is noted
that tensometers provide the matric suction and they measure suction up to 90-100 kPa.

Measurements of anolyte and catholyte pH values were conducted using a ColeParmer
Model 5656-00 pH controller and Model 5593-70 pH electrodes. pH electrodes were first
immersed in the anolyte and catholyte. Unfortunately, the electric field in the cathode and anode
compartments affected the pH readings of the anolyte and catholyte. |t was therefore necessary to
measure the anolyte and catholyte pH without the interference of this electric field. Water in each
compartment was cycled into a separate container using a Cole-Parmet Masterflex L/S pump.
Water level in each container was kept at the same level with the electrode compartments. \y/gter
was pumped from these containers to the anode (or cathode) compartment using the pump. | the
water level increased at the electrode compartments, it was drained back to the container to keep the
same head level (the hydraulic system used is described in details in Section 5.9). However, if
water level increased in both of the electrode compartments and the containers due to
electroosmotic or hydraulic flow, then it would be drained from the container, collected in a
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separate bucket, and the volume of the collected fluid was measured in time. pH meters were then
connected to the MUX 32 multiplexer to monitor the pH readings by the computer. At the same
time, samples of the cathode and anode fluid were taken continuously for pH measurements for
cross checking purposes. '

Thermocouples were used for temperature measurements during testing. Teflon coated
copper-constantan thermocouples, 30.5 cm (12.0 in) length and 0.32 cm (1/8 in) outer diameter,
were purchased from OMEGA for this purpose. Thermocouples were formed of two dissimilar
metal s that were joined together at one end. When this end was heated a thermoelectric (or
Seebeck) voltage was generated due to difference in thermoelectric properties of the two metals.
Thermocouples were connected to a multiplexer which provides a cold junction compensation and
amplifies low level signals.

5.3 Data Acquisition System

The hardware utilized in the data acquisition processwas a Zenith PC microcomputer with
CIO-DAS16 A/D (Analog/Digital) board and CIO-MI1X32 multiplexer. The software package
used was Labtech-Notebook Version 7.0.

The DAS 16 board, purchased from CyberResearch Inc., supplied 16 single-ended or 8
difffercntial input channds (256 differential with multiplexer). The input ranges were 0-1 O for
unipolar inputs, or £ 5 for bipolar inputs. The MUX32 pand multiplexes every 16 channels into
one input channel on the DAS 16 board, allowing up to 256 differential inputs to one DAS 16
board. The multiplexer also supplies a coldjunction compensation for thermocouple measurement,
has selectable 7 Hz input filtering, and can amplify the input readings by a selectable gain. The
MUX32 pand was connected to the DAS 16 board through a 37-pin shielded round cable.

Labtech Notebook, an integrated software package for data acquisition, process control,
monitoring, and data analysis was used. The software can support up to 500 single channels.
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5.4 Soil Description

Air floated Georgia kaolinite from Thiele Kaolin Company, Georgia, was used for this
study. This mineral was selected because of its low activity (activity is defined as the ratio of the
plasticity index to the clay size fraction of the soil) and high electroosmotic water transport
efficiency relative to other clay minerals. Table 5.1 presents the physicochemical  properties of the
soil provided by Thide Kaolin Company for the soil used in this project. The compositional and
engineering properties of Georgia kaolinite, determined by previous research work at Louisiana
State University (Putnam 1988; Hamed 1990), are summarized in Table 5.2. These properties
were rechecked for this project and they were not found to be significantly different. Chemical
analysis of the kaolinite used in this project is presented in Table 5.3.

5.5 Chemical Species

Lead nitrate [Pb(NO,),] St was used as the source of lead because it has high solubility in

water and can provide the necessary ionic forms of lead and nitrate. Lead nitrate solution was
prepared by mixing a pre-evaluated weight of lead nitrate salt (depending upon the required
concentration) with the required volume of tap water. For example, in PST1, 0.0094 M lead
nitrate solution is prepared using 31 g of lead nitrate and 10 L of tap water. 20 ml of nitric acid
was added to prevent hydroxide precipitation from the hydrolysis of lead ion.

5.6 Permeation Fluid

Tap water was used for the cathode and anode compartments. Tap water was supplied at
the anode from a source tank and collected at the cathodes, as described in Section 5.9. Chemical
analysis was conducted on some tap water samples and Table 5.3 presents the average
concentrations of the cations and anions present in the tap water used in this project.
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Table 5.1: Physcochamical Properties of Geor gia Kaolinite Provided by Thiele Kaolin Company

Hygroscopic Moisture Content (%) 05-15
Specific Surface Area (m3/g) 20-26
.pH (20% Solids) ‘ 3.6
Silica (Si0) % ' 43.5 - 44.5
Alumina (Al,05) % 38.0-40.5
Iron Oxide (Fey05) % 0.9-1.3
Titanium Dioxide (TiO,) % 1.4-35

SRS
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Table 5.2: Charactaistics of Georgia Kaolinite (Hamed, 1990)

Mineralogical Composition (% by Weight)
Kadlinite
Ilite

Index Properties (ASTM D 4318)2
Liquid Limit (%)
Plastic Limit (%)

Spexific Gravity (ASTM D 845)P

% Finer than 2 um Size

Activity

Cation Exchange Capacity
(milliequivalents/100 gm of dry soil)

Proctor Compaction Parameters
Maximum Dry Density (tons/m?)
Optimum Water Content (%)

Initial pH of Seil*

Compression Index (C)

Recompression Index(C,)

Permeability of Specimens Compacted at the
Wet of Standard Proctor Optimum (x 10-8 CNM/SeC)

64
34

2.65

90

0.32

1.06

1.37
31.0

4.7-5.0

0.25

0.035

6-8

aASTM Method for Liquid Limit, plastic Limit, and Plasticiity index

of Soils (D 4318)

¥ ASTM Method for Spedific Gravity of Soils (D 854-58)

¢ pH Measured at 50% Water Content
4 Fexible Wal Permeability at Full Saturation
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Table 5.3: Chemical Concentrations of Kaolinite and Tap Water

Cation | Kaolinite + DI | Kaolinite + HNO; | Tap Water
rglg Bg/g mg/l
Pyt 0.70 2.75 0.05
Fe&t 0.04 109.20 0.00
Ca** 66.78 183.20 1.48
Mg+ 25.74 125.32 0.06
Sitt 128.80 639.60 10.90
APt 3.45 615.00 0.03
Na* 1323.80 1555.00 98.99

Anion| Kaollinite + DI* lrap Wata
#g/g mg/l
Cl- 502.0 22.8
NOs- 126.0 8.2
SO:.*" 114.0 9.0

DI : Deionized Water
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5.7 Bench Scale Tests

The procedure used in bench-scale tests was the same as that used by Hamed (1990). Two

bench-scale tests were conducted at a concentration of ebout 1,500 ug/g. For both tests, 0.0165 M
lead nitrate solution was prepared using 7.23 g of lead nitrate salt, 1.320 L of tap water and 2.0 ml
of nitric acid. 3.0 kg sample of dry kaolinite was mixed with 1.320 L of the solution to bring the
soil to 44% water content.  The soil sample was cured for 24 hours. The specimen was then
divided into two parts and each one was compacted in polyacrylite sleeves of 10.2 cm (4 in) in
length and 10 cm (3.94 in) inside diameter. The sleeves were weighed before and after compaction
dl thendirectly, insarted inthedectroosmotic cell in one-dimensional test.

Electroosmotic test specimens were then assembled as shown in Figure 5.4 (Hamed 1990).
Inert graphite discs of 0.13 cm (0.125 in) thickness and 10 cm (3.94 in) diameter were selected as
electrodes. Two sheets of 8 um filter papers were placed at both ends of the specimen.  Uniform
flow conditions through the electrodes were ensured by drilling fifty holes of 0.3 cm (0.12 in)
diameter into the electrodes. The electrodes were hed in place by polyacrylite end caps comnected
with threaded rods. A liquid reservoir of 1100 ml capacity was available at each end. Holes were
drilled into the top of each cap above the reservoir to alow venting of gaseous electrolysis
products.

5.8 Pilot-Scale Tests

Two pilot-scale tests were conducted on kaolinite spiked with lead at concentrations of
about 850 pg/g and 1,500 pg/g. A third pilot-scale test was conducted on a Kaolinite/sand mixture
spiked with lead at a concentration of 5,000 ug/g. In these tests, kaolinite samples were mixed
with lead nitrate solution in several batches before compaction. In each batch in the first test,
0.0094 M lead nitrate solution was prepared using 31.00 g of lead nitrate sdlt, 10 L of tap water
and 20 ml of 1.6M nitric acid. One bag of kaolinite (22.7 kg (50.0 Ib) of dry weight) was placed
on the Gundle liner on the laboratory floor. The solution was then added to the dry kaolinite using
a sprinkler with continuous mixing using a large shovel. The sample was placed in the concrete
mixer and the mixer isturned on for about 10 minutes. Large clods (about 25 cm in diameter) of
spiked kaolinite were formed in the mixer. These clods were then cut into smaller pieces (of about
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5c¢m in diameter) and placed on the liner inside the box. For every layer, 8 bags were mixed each
day and cured for 24 hours. A dagicwrgpwesusadtocove theday whileanngtominimize
evaporation.

Compaction was achieved with a hammer manufactured far the purpose. The henmer was
a steel rod, 91.44 cm (36.0 in) in length, welded to a steel plate with a contact area of 15.24 cm x
15.24 cm (6.0 in x 6.0 in). The gross weight of the hammer was 4.54 kg (10.0 Ib). Each layer
was compacted by dropping the hammer a 1000 times on the top of the sail from a height of about
91.44 cm (36.0 in). The compaction energy applied by this procedure was less than the standard

proctor compaction energy; however it was enough to bring the soil to 1.2 ¥m3 at the wet of
optimum water content dry density at a relaively high degree of saturtion (approximatdy 90%).

Three smal wooden boxes were then placed on top of the first layer inside the container.
These boxes were placed at middle and at both sides of the container to form the electrode
compartments. The outer dimensions of these boxes were 13.5 cm x 89.0 cm x 91.4 cm (5.3 in X
35.0inx 36.0in). Gundle composite fabric and geotextile grid were used to separate the wooden
boxes from the compacted soil, as shown in Figure 5.1. The three boxes placed in the container
were removed using a fork-lift after compaction of al soil layers.

A large fork was used to scarify the surface of the first layer before compacting the second
layer in an attempt to ensure full integrity between the first and second clay layers. The remaining
layers were then compacted using the same procedure

The same mixing procedure was employed in the second test with only one difference. The
lead nitrate solution used in each batch (22.7 kg of dry kaolinite) in the second test was 0.0166 M,
prepared using 55.00 g of lead nitrate salt, 10 L of tap water and 20 ml of concentrated nitric acid
(16M HNO;).

For the third pilot-scale test, kaolinite/sand mixture was spiked with lead nitrate solution at
a concentration of 5,500 pg/g. 0.1213 M lead nitrate solution was prepared by mixing 400 g of
lead nitrate salt with 10 L of tap water. One bag of kaolinite (50.0 Ib dry.weight) was mixed with
a half bag of fine sand (50.0 Ib of dry weight) to form 1:1 kaolinite/sand mixture. The solution
was then mixed with this soil to bring the required lead concentration to a water content of 22%.
Compaction was then achieved by using a similar procedure to that above.
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5.9 Test Setup

As demonstrated in previous sections, three rows of electrodes were placed in
compartments in the soil, as shown in Figure 5.1. A polyacrylite frame is placed in each
compartment to hold the electrodes (plate 5.1). Each row was formed of five graphite electrodes.
The compartments were then filled with tap water up to a leve of 4.0 cm below the clay surface
level (the total water volume in each cathode or anode compartment is 70.2 L). The central row of
electrodes was selected to be the anode while the two cathode rows are at the ends at a distance of
2.5 ft from the anode row.

Since the electroosmotic flow was expected to occur from the anode towards both
cathodes, a water tank was connected to the anode reservoir to supply the rquired amount of
flowing fluid. Water was collected from both cathode compartments in separate containers. In
order to avoid introduction of advection due to any externa hydraulic potential difference, the
hydraulic head was kept constant and equal at both cathodes and anode compartments during the
experiment with zero head difference (Figure 5.5). This provision permitted evaluation of the effect
only of the electrical potential gradients on water flow within the system.

Thepilot-scade sample in each test was composed of two identical hafs or cells (plate 5.3).
An dectric current of 1.7 A was supplied to the sample at the anode. This current was divided to
supply the two halves with 0.85 A each. The cross sectional area of the soil treated was 6,398 cm?
(91.4 cm width x 70.0 cm height) and the applied current density was 0.13 mA/cm.

Voltage probes, tensometers, and thgermocouples were used to monitor changes in voltage
distribution, suction, and temperature across one cell (Figure 5.6), while the second cell was used
for sampling, to assess the concentration changes with time. Instruments were calibrated before
and after each test. Voltage probes were calibrated using a voltmeter. A power supply was used to
feed the data acquisition system with a known voltage (measured with a voltmeter) and the
computer reading was adjusted to give the right value. The process was repeated three times with
different voltage values and then a check was made on the readings with another two voltage
readings. The voltage values used for calibration covered the voltage range expected during
testing. Thermocouples were calibrated using ERTCO No. 65514 NBS traceable thermometer.
Two different temperature readings were used for calibration, one is for a cold water sample and
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Plate 5.2: Various Probes Used in Large-Scale Experiments
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Plate 5.3 The Wooden Box Used in Pilot-Scale Tests Showing the Two Cells (A and B), the
Anode and Two Cathodes.
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another for a heated water sample. A third reading was taken for anormal water at the ambient
room tenperature to check the thermoccouple calibration Tensometerswere calibrated using water
columns with different heights to give different pressure heads. The water columns were used to
give both positive and negative pressure values for calibration. A check was aso made for
tensiometer readings a different water levels. After calibration the probes were inserted in the soil

as shown in Figure 5.6.

The devices used for measuring voltage distribution, anode and cathode pH, pore water
pressure, and temperature were then connected to the MUX32 multiplexer (Figure 5.7). The data
generated were then transmitted to the DAS16 A/D board in the 386 Zenith PC, and Labtech
Notebook software was used for data acquisition and monitoring

5.10 Chemical Analysis

Chemical analyses of soil and fluid samples were made using inductively coupled plasma
(ICP), at the Wetland Biogeochemicd Ingtitute of Louisiana State University. Soil samples were
. oven dried for 24 hours at a 110° C. Then, 2 g samples of the oven dried soil were placed in 50
ml centrifuge tubes and mixed with 40 ml portions of 1.6 M nitric acid. The mixtures were treated
for 48 hours with continuous shaking to allow dissolution of the salts present and desorption of the
adsorbed species. This procedure is a non-standard, simplified version of the standard U.S. EPA
procedure for total lead andysis (EPA 1992; SW-846). It was found that the lead concentrations
obtained using this method were within 2-4% of those obtained with the EPA method. The
mixtures were filtered and the solutions were sent for ICP chemical analysis.

5.11 Soil Sampling

Pilot-scale test specimens were sampled during and after terminating the electrokinetic
process. FHrd analyses of the water content, pH, and chemical concentration were conducted by
dividing each bench-scale and pilot-scale soil specimen into samples and subsamples. For
bench-scale experiments, the soil specimens were divided into 10 cylindrical sections, each 1.0 cm
length and 10.0 cm diameter. pH readings were taken for each section; before oven drying them
for chemical analysis and water content evaluation.
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For the first pilot-scale test, the soil was divided into 3 horizontal layers, top layer (layer
1), middle layer (layer 2), and bottom layer (layer 3). Each layer was divided into 10 longitudinal
sections each of 7.0 cm length and 6 lateral sections of equal size. As a result, 180 soil samples
were taken from the firgt pilot-scale test; each sample represented a soil volume of (7.0 cm x 15.2
cm x 25.4 cm). The same procedure was used for the second pilot-scale test but with a change in
sz=0f sections. Each cell of this test was divided into five horizontal layers with the top layer
being layer 1 and the bottom layer being layer 5. Each layer was divided into 10 longitudinal
sections and 4 lateral sections of equa size. Figure 5.8 displays a schematic diagram of these
sctionsinthe  second pilot-scaletest . Consequently, each cell in the second pilot-scale test was
divided into 200 samples of equa volume (7.0 cm x 22.8 cm x 15.2 cm). A total of 400 samples
were collected for the second pilot-scale test. Each cell of the third pilot-scale test was divided into
three horizontal layers with the top layer being layer | and the bottom layer being layer 3. Each
layer was divided into 10 longitudinal sections and 2 lateral sections of equal size. Consequently,
each cell in the third pilot-scale test was divided into 60 samples of equal volume (7.0 cm x 45.6
cm x 25.4 cm). A total of 80 samples were collected at the end of processing the third pilot-scale
test

Soil sampling for chemical analyses during processing of the pilot-scale-tests were
accomplished using sampling probes of 2.54 cm (1.0 in) diameter and 6 1.0 cm (24.0 in) length.
These probes were used to take core sample at three different elevations in the soil, each sample
representing one third the depth. Each sample was oven dried and mixed thoroughly. Chemical
analyses were then made for these specimens as described before. Locations for sampling points
are shown in Figure 5.9.

5.12 Standard Methods and Procedures

As mentioned in Section 5.2, there are no standards available for conducting pilot-scale
|aboratory tests. Standard procedures were used whenever and wherever possible. Measurements
conducted in this study include: water content, pH, suction, and cation and anion anaysis. The
electric current was set constant in all tests. The following methods were used:

water content: The standard method used for water content calculation is ASTM D2216

“Laboratory Determination of Water (Moisture) Content of Soil and Rock". Measurements were
conducted immediately efter sampling without any holding time.
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pH: Two methods were used in pH measurement. The firdtis following the procedure described
by Hamed et a. (1991) and the second iSASTM D4972 “Stardard Test Method for pH of Sails’.
In the first method, all calibration and standardization procedure were conducted similar to ASTM
D4972. The difference between the two methods is that in the first procedure the pH electrodes
were inserted in the soil at processing conditions. In the second test, the dectrodes ae insated in a
soil/liquid suspension. Acar et d. (1989) and Hamed (1990) discuss the differences between the
two procedures. All pH measurements were conducted immediately without any holding time.

Pore Water presure: Pore water measurements were taken during processing in accordance with
ASTMD3404 “Measuring Matric Potential in the Vadose Zone Using Tensometers’.

Metal (lead) asl@s EPA SWB46 Method 6010A “Inductively Coupled Plasma-Atomic Emission
Spectroscopy” was used for metal analysis in the extract Holding times were less than one month
for dl metal analysis. '

Anion analysis:. EPA SW846 Method 9056 was used for anion analysis. Holding times for anion
analysis were within one week of sampling.

Generd procedures and methods for sample preparation, mixing, compaction, testing, and
sampling are described in Section 5 (Experimental Model; see 5.8 and 5.9). A summary of these
procedures is presented:

Sample Preparation and mixing: No standard methods are available for spiking about 1 ton of  soil.
Based on each test requirements (mainly, water content and lead concentration requirements), pre-
calculations were made for il mass, water volume, and lead nitrate mass required for mixing.
Accordingly, a specific volume of lead nitrate solution was mixed with a specific weight of the
soil. This procedure was the most feasible for the study. Water content and lead concentrations in
the soil were evaluated after mixing and compaction.

Soil Compacting: Compaction procedure is described in 5.8 (Pilot-Scale Tests). Compaction was
conducted in away similar to the Proctor Standard Compaction Test (ASTM D698). Compaction
effort was applied in a systematic way to minimize variations between the layers. The compaction
was achieved in layers of similar thickness. Same compaction energy was applied to each layer.

Same personnel were utilized in compaction. Compaction energy was calculated based on dry
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density and water content requirements.

Sampling: Soil sampling is conducted in three stages (1) Initid Sampling (2) Sampling during
testing, and (3) Final sampling. Sampling was conducted in a systematic manner in al stages. Soil
sampling is described in Section 5.11.
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Section 6

EXPERIMENTAL RESULTS

6.1 Introduction

The primary objectiveof the pilot-scale testing was to demonstrate at 80% removal of the
lead content in the soil samples. Two bench-scale tests (BST) and three pilot-scale tests (PST)
were conducted. Experiment related parameters in these tests are summarizedin Table 6.1. Initial
conditions, such as dry densities, porosities, degree of saturation, and soil pH were similar in
amost al tests. Initial lead concentrations were similar in the bench-scale tests and the second
pilot-scale test PST2; both being above the cation exchange capacity of Georgia kaolinite. The
current densities were 0.127 rmA/cm? in bench-scale tests and 0.133 mAaTT in pilot scale-tests.
All kaolinite specimens were prepared at a water content of 484 while the sand/kaolinite specimen
(PST3) was prepared at a water content of 24%. These water content levels were chosen to bring

the soil above the optimum-water content, which was 31% for kaolinite (Table 5.2) and 20% for
1: 1 sand/kaolinite mixture(Nyeretse 1985). '

Bench-scale tests (BSTI and BST2) were conducted using kaolinite samples at an initial
pH of 4.6 and loaded with lead at a concentration of 1,439 pg/g. The two tests differed in
processing periods; the first was disassembled after one week of processing (169 h), while the
second, dfter three and a half weeks of processing (598 h).

The firg pilot-scae test (PSTI) was conducted using kaolinite spiked with lead at an initial
concentration of 856 ug/g and an initial pH of 4.7. The eectrode support used in PST1 was
different than that for the other pilot-scale tests (PST2 and PST3). A trench was not used in PST1
for the electrodes. Electrodes were placed in auger holes and they were separated from each other.
The decision to use a trench and plexiglas support in PST2 and PST3 was taken to allow
homogeneous pore fluid chemistry in the catholyte and anolyte. Unfortunately, the liner in one of
the two cellsin PST1 was punctured while compacting the clay leading to aleakage of theliquid in
one of the cathode compartments. It was decided to shut down that cell and continue processing
with the other haf of the box by applying half the electric current. Soil samples were not taken for
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Table 6.1: Initid Conditions for Bench-Scaleand Filot-Scae Tests

Paranger BST1 | BST2 | PST1 | PST2 | PST3
current (ma) 100 | 10.0 | 850.0 | 1,700.0 | 1,700.0
Dimensions

Width (cm) -- - | 914 | 914 91.4

Depth (am) - — | 700 | 700 | 700

Bage (o Too | o | |
Duration (hr) 169 598 | 1,300 | 2,950 | 2,500
Current, Density (s4/em?) | 1273 | 127.3 |132.8 | 1328 | 132.8
Initial Soil pH 4.6 4.6 4.7 4.5 4.2
Initial Concentration (gg/g) | 1,439 | 1,439 | 856 1533 | 5,322
Initial Water Content (%) 44.0 | 440 | 441 | 443 24.6
Initid Dry Density (g/em?®) | 123 | 123 | 122 | 1.22 1.80
Initial Saturation (%) 91 91 91 91 90
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