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ABSTRACT

Organic chemical contamination of the soil and ground water presents a threat to the
Ecosystem as a whole, and a potential health threat to the inhabitants of affected communities.
Previous waste disposal techniques practiced at industrial and non-industrial sites over many
years as well as uncontrolled chemical releases have contributed to the deterioration of our
soil, surface and ground water supplies. Due to a heightened awareness, an effort has been
undertaken by the scientific community to address chemical contaminants, their fate and
transport in the environment, and remedial techniques capable of safely removing those
contaminants from our water and soil. Present remedial techniques need to be improved in
concert with the development of new, more efficient treatment processes. Present remedial
techniques for soil treatment include removal and containment in a landfill, soil washing, soil
vitrification, and aerobic and anaerobic Bioremediation (U.S. EPA 1985). Surface and
ground water treatment processes include air striping, ion exchange resins, carbon adsorption,
ultra violet (UV) destruction, and ozonation. Recently, electrokinetics has been demonstrated
to be a promising tool in the arsenal of remedial tools used to remove inorganic contaminants
from both saturated and unsaturated soils. The electrokinetic process is also being studied

as a possible tool to decontaminate soils affected by organic contaminants.



Electrokinetics is the application of an electric field between two electrodes, causing the
migration of chemical species which lie in the path of the electrodes. Electrokinetic
remediation of soils is a technique employing three fundamental physical factors:
Electromigration, Electrophoresis, and Electmosmosis. Electromigration and
Electrophoresis mvolve the movement of ionic and charged species and particles toward
oppositely charged electrodes. Electroosmosis is the induced flow of water toward an
electrode, most often from the anode to the cathode; These processes are presented in Figure
1. These phenomena transport contaminants through the soil matrix to the respective
electrodes for further treatment of removal. The direction and relative movement of the
target compounds are determined by a number of factors which include the type and
concentration of the contaminant, soil type (chemical makeup and physical matrix structure),

interfacial chemistry of the soil water system, and the conductivity of the soil pore water

system.
Electrophoresis - Electroosmosis
movement of particles movement of water
+
Anode Cathode
Elecical 2=~ ~ &>~~~ 77777

Double
Layer Electromigration

movement of ions

Figure 1 : Electrokinetic Migration




The study presented here was undertaken to determine, at the laboratory bench scale, the
feasibility of using the electrokinetic remediation process to remove coal tar constituents,
specifically Polycyclic Aromatic Hydrocarbons (PAHs), from clay soils. The laboratory
analyses measured the movement of coal tar as source material, and the movement of it's
lighter molecular weight constituents. The soil which was examined and tested was retrieved
from a former manufactured gas plant (MGP) site, located in Champaign Urbana, Illinois.
The samples were treated electrokinetically using (1) simulated site ground water containing
concentrations of inorganic compounds typical of site ground water conditions"”, (2) ground
water and an anionic surface active agent [surfactant (sodium dodecyl sulfate)], and (3)

ground water with the surfactant and a co-surfactant (butanol).

The bench scale studies indicated that the removal of the lighter fraction ionic and water
soluble PAH compounds occurs readily, due to electroosmotic flow. An increase in the
mobility of the water insoluble, no net charge organic coal tar constituent compounds was
achieved to a limited degree by the addition of the anionic surfactant to the ground water
system. Movement of the insoluble organic compounds was not enhanced further by the
combination of the particular surfactant and the co-surfactant in this work. It appears that
‘the cosurfactant disrupted the micellar envelépe, causing a scattering of the organic
compounds toward the anode by electromigration, and toward the cathode with
electroosmotic flow. The soils which were treated without the addition of the surfactant/co-
surfactant, showed increased removal of the contaminants with increased pore water flow

through the sample. The treated samples exhibited an accumulation or stacking of the



contaminants at the cathode end of the soil. Stacking also occurred at the anode end of the
soil sample, hypothesized to be due to the electrolytic separation of theA various size and mass
organic compounds. The greatest removal of the PAHs treated with the addition of the
anionic surfactant occurred when the surfactant was injected into the cathode chamber of the
test apparatus. The anionic surfactant-enveloped PAH compounds electromigrated to the

anode end of the soil sample.

The results of the laboratory investigations presented in this work demonstrate that the
electrokinetic enhancement of organic chemical transport through soils is a promising
remedial process which, with continued research, would be developed mto an effective in-situ
treatment tool to remove organic contaminants (e.g. PAHs) from soils. The further
development of the electrokinetic process to effectively remove PAH contaminants from the
soil should include, but not be limited to: 1) a detailed evaluation of the vertical and horizontal
contaminant distribution through the soil matrix, 2) a more complete understanding of the
specific soil - contaminant interaction, and 3) an mn-depth understanding of the transient
physical and electrochemical processes which occur at the soil/fluid interface, causing the
movement of the organic species through the soil matrix. The interim transient processes
should also be studied, including the physical and chemical interéctions between the soil and
the contaminant; the effect of the pore fluid chemistry on the removal of the contaminant ﬁdm
the soil matrix; and the distribution and speciation of the contaminants throughout the soil

matrix.




The laboratory results have demonstrated that the movement of organic species through the
soil matrix is primarily dependent on the organic species being removed from, and it’s
chemical and physical interactions with, the matrix, rather than the soil matrix itself. Chemical
enhancements such as pH control, complexing or solubilizing compounds, and physical
enhancements may be necessary to effectively mobilize and remove the targeted organic
species from the soils. Chemical enhancement occurs when the contaminant’s chemistry is
altered by oxidation and reduction (redox) reactions. due to the soil and competing chemical
species, chemical and biological weathering of the contaminants, and the adsorption capacity
of the soil matrix (Dragun 1988). Physical parameters such as the soil matrix’s water content,
bulk density or porosity, hydraulic conductivity, clay content, surface area, and total organic
carbon (TOC) content significantly influence the movement of the contammant through the

soil matrix (McBride 1994).



CHAPTER 1

INTRODUCTION

1.1 Introduction

In the United States, coal gasification for energy consumption was common during the late
1800s and early to mid 1900s, peaking in the 1930s and declining into the 1950s. In the
process of coal gasification, volatile gasses were released from the solid coal and used directly
as an energy source in industrial and commercial boilers, as well as municipal power
generation units. The residual by-product compounds, known as coal tars, were disposed of
by selling the tars to other industries for use in the manufacture of "tar" related products. If
the by-products were not marketable, the residues were stored at the industrial site or power
plants or, as often occurred, were land filled at their generation site. Today, due to the
pervasiveness of the contamination, coal tar contamination has become an environmental

clean-up challenge (Pamukcu 1994).

The United States Environmental Protection Agency (U.S.EPA) has estimated that
approximately 1,500 former manufactured gas plants (MGP) facility sites exist within the
borders of the United States. Wastes associated with the gasification processes have
contaminated these sites, leaving behind residual polycyclic aromatic hydrocarbons (PAH),

light aromatic hydrocarbons and an array of inorganic contaminants. Complex environmental




processes govern the release, transport and exposure of theses MGP contaminants. Utilities

face the daunting task of investigating and cleaning up these MGP sites (U.S. EPA 1995).

This study evaluated the feasibility of applying an emerging technology variably known as
electrokinetics, electrokinetic remediation, electro-reclamation, electrokinetic soil processing,
and electrokinetic decontamination electrochemical treatment (Probstein 1990), to remediate

soil contaminated by coal tar constituents.

The technique of electrokinetics is becoming a noted technology m the ‘cadre of soil
remediation techniques for the clean-up of inorganic soil contaminants, and a tool which is
potentially capable of addressing organic soil and ground water contamination.
Electrokinetics refers to the movement of water, ionic and non-ionic species relative to each
othér as a response to an applied direct current electric field. The process is an in-situ or ex-
situ technique, capable of mobilizing and transporting ionic and non ionic compounds to an
electrode for collection and removal from the target area. This is achieved by applying a
direct current (DC) voltage at an electrode (anode), which is capable of flowing through a
media (soil), to a companion electrode (cathode). The charged or ionized compounds are
transported to it's oppositely charged, companion electrode, while the water soluble

compounds are swept along as the water in the cell is transported to the cathode.




Electrokinetics, as applied to the remediation of soils contaminated with organic contaminants
involves three processes: Electroosmosis, Electromigration, and Electrophoresis.
Electroosmosis produces the rapid flow of fluid (vadose zone, saturated zone), and is
considered to be the dominant process in low permeability soils. Electromigration refers to
the migration of ionic and polar species which are present in the matrices pore water.
Electrophoresis is the process of mobilization and migration of charged colloids, with respect
to an electric potential gradient. In soils which are more permeable than clays, such as sands,
electrophoresis may play a significant role in transport. In soils with low permeabilities, such
as clays, electrophoresis is not a major transport mechanism due to size exclusion of the

colloids by the soil matrix.

Electromigration is the action which causes the dissociation of the water molecule into
hydrogen (H")and hydroxyl (OH) ions. This is th¢ driving force in a soil-water system,
responsible for the directional sweeping of the pore fluid and the chemical species contained
within the fluid, charged or otherwise. The reaction of H,O dissociating to H" and OH" is the
cause for the migration of an acid front (H"), which is generated at the anode by the oxidation
of water to H'(aq) + O.(g), toward the cathode. Conversely, the reaction which occurs at the
cathode is the cause of the migration of a basic front toward the anode as water is reduced
to H,(g) + OH". Though logic initially suggests that the two fronts would buffer each other,
there are two factors which cause the acid front to dominate in an unchecked system. First,
hydrogen ions electromigrate more quickly through a soil water matrix than the hydroxide

ion. Secondly, the enhancement created by the electroosmotic motion sweeping the pore fluid




from the anode to the cathode, carries the hydrogen ion toward the cathode (Wittle et al.

1993).
1.2 Objectives of the Study

The objective of this research was to determine the feasibility of transporting organic coal tar
constituents through clay soils. Specifically, the target contaminants are PAH compounds
which are constituents of coal tar, commonly associated with contaminants found at MGP
facility sites. Soil samples contaminated by coal tar constituents collected from a MGP
facility were treated electrokinetically. Movement of the target erganic PAH compounds
were monitored for their mobility through the soil matrix, as a current was applied to the soil

system.
1.3 Scope of the Study

The investigation of the coal tar contaminated soil samples was conducted from May 1992
through May 1993. Soil samples (predominantly illite clay) were collected in Shelby tube
samplers during a field investigation in December, 1991, at a former MGP facility, located in
Champaign-Urbana, Illinois. Existing electrokinetic apparatus (Lehigh University's
Geotechnical Laboratories, Bethlehem, Pennsylvania) was modified fo perform the tests on
the coal tar contaminated clays. The electrokinetic evaluations were performed in the

Geotechnical Laboratories at Lehigh University. Additional electrokinetic soil




decontamimation studies were performed at the Sandia National Laboratories in Albuquerque,

New Mexico (Summer 1993).

Decontamination experiments were performed to test the removal of target PAHs from
artificially contaminated soil samples and from soil samples collected from the subsurface at
the MGP site. Experimentation times ranged from 24 hours for the artificially contaminated
soils, to up to eight weeks for the surfactant enhanced electrokinetic experiments. The
physical phenomenon associated with electrokinetics were evaluated in this reseﬁch with
respect to their role in organic compound transport. Also the effects of adding a surfactant
alone, and a surfactant with a co-surfactant to the contaminated clays was evaluated with

respect to the electrokinetic processes.

10
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CHAPTER 2
BACKGROUND

2.1  Development of Environmental Remediation Techniques for Organic Compounds in

the Subsurface and Ground Water

The impact of surface water, soil and ground water contamination on environmental resources
is becoming an increasingly difficult problem to manage. The increasing costs of litigation
and the technical complexity of contaminant removal at hazardous waste sites is driving
remediation costs skyward (Shineldecker 1992). A need for technically sound water and soil
remedial options, which can be performed relatively safely (without additional environmental
damage), economically, and in a timely fashion, is tantamount to the further development of

remedial treatment options (Probstein 1991; Grube, et al. 1992; U.S. EPA 1988).

Physical and chemical soil and ground water remedial treatment methods depend both on the
contaminant and the soil and ground water matrix (Sawyer et al. 1978). The adsorption
capacity of the soil for the contaminant depends largely on the contaminant’s solubility, the
octanol-water partition coefficient (K,,), and the chemical structure of the éontaminant
Krauskopf, et al. 1979; Knox, et al. 1993). Additionally, the contaminant may undergo
volatilization, biological degradation, hydrolysis, oxidation and reduction, and dehalo genation.

The higher the K ,, the more likely the contaminant will adsorb to soils. The chemical

11
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structure and net electric charge determines the contaminant's polarity and physical size, thus
defining whether or not the species is able to bind to the soil matrix. These factors ultimately
influence the contaminant's pathway of movement through the soil to the aquifer. Once the
contaminant has reached the aquifer, the same physical and chemical parameters affect the
species movement in the aquifer in addition to the aquifer’s chemical and physical parameters

(Lyman, et al. 1990).

Pure compound recovery is only possible when the contaminant is not entirely soluble in the
aqueous phase, or the concentration of the contaminant exceeds the aqueous saturation point
causing phase separate hydrocarbon (PSH) accumulation. If the organic compound is in
solution, then the technique of pure compound recovery will not be a viable remedial
technology. If the compound is not soluble in water, then the relative position of the
compound will depend on it's density relative to the water. Compounds whose specific
gravity are greater than 1.0 (assuming water is the benchmark at 1.0) will sink through the
aquifer; this group of compounds is commonly referred to as dense non-aqueous phase liquids
(DNAPLs). Compounds whose specific gravity are less than 1.0 will float on top of the water
table's surface; this group of compounds is Commonly referred to as light non-aqueous phase

liquids (LNAPLs) (Domenico, et al. 1990; Noonan, et al. 1990).

When volatile organic compounds (VOCs) are dissolved into the aqueous phase, aeration of
the contaminated water is a method commonly used to remove those organic compounds.

This technique relies on exposing the affected water to a contaminant free air supply. As the

12




air and water mix, the volatile compounds are stripped out of the aqueous phase, into the
vapor phase, and scrubbed from the water. Common aeration technologies include slat tray
aeration, diffused air aeration, spray aeration, cascade aeration, packed column aeration, and
rotary stripper aeration. The key variables influencing the removal of VOCs from the

aqueous phase are the Henry's Law constant and the overall mass transfer coefficient.

Some of the currently employed treatment and remediation technologies for soil impacted by

organic contaminants are summarized below (Pignatello, et al. 1996; U.S. EPA 1985):

1. The use of granular activated carbon (GAC) adsorption is a well established treatment
technology to remove organic compounds from the aqueous phase. Adsorption is the
process in which liquid or gas molecules are attracted and held to the surface of a
solid phase media. Physical adsorption refers to the attraction caused by the Surface
tension of a solid that causes organic compounds to be held to fhe surface of a solid
phase media. Chemical adsorption refers to actual chemical bonding to a solid media's
surface. Adsorption of organic compounds to GAC is of the physical nature. The
advantages of this treatment technique is that carbon adsorption is very well suited to
remove variable (Jow to high) dissolved phase concentrations of organic compounds

from contaminated ground water.

13




Chemical oxidation of organic compounds found m ground water has been an
effective treatment technology for hundreds of years. Oxidation involves the
exchange of electrons between chemical species and subsequently effects a change in
the oxidation number of the organic compound mvolved. Oxidation-reduction
processes are referred to as redox reactions; one species gains electrons (reduced -
valence state is reduced) while the concomitant species loses electrons (oxidized -
valence state is increased). Oxygen (0O,), chlorine (CI'), ozone (O ), and hydrogen
peroxide (H , O,) are chemical oxidants commonly used to remove organic

compounds from ground water.

Thermal oxidation, commonly referred to as incineration, is a treatment technique
used to address both soil and ground water organic compound contamination.
Incineration raises the temperature of the contaminant and the contaminated media
(water or soil) in the presence of oxygen, to oxidize the organic contaminant to

carbon dioxide (CQ,), water (H,0), and ash.

Emerging treatment schemes such as solidification/vitrification, Bioremediation,
dechlorination, soil washing, vapor extraction, thermal desorption, chemical
treatments, and electrokinetic techniques all show promise in this expanding field of
contaminant treatment. There does not appear to be one technology which is a
preeminent technology in subsurface remediation. The individual technologies have

limitations due to the soil matrix [fine grained versus coarse grained; ion exchange

14



capacity; total organic content (TOC); biological oxygen demand (BOD), etc.] and
the hydraulic conductivity of the soil (degree of isotropy and homogeneity;

permeabilities of layers and hydraulic accessibility).
2.2 The Coal Tar Environmental Problem

During the 1800s and into the early 1900s, coal was chemically altered for the production of
gas for residential, commercial and industrial applications. The facilities producing the gas
were known as Manufactured Gas Plants (MGP). Today many of these sites are the source
of severe subsurface organic and norganic chemical contamination. Wastes such as tars, ash
and spent oxides were often left at the generation sites in lagoons, ponds, pits and lined and
unlined vaults. Coal tars are a large portion of the hydrocarbon contamination found at these
sites. It has been reported that more than 11 billion gallons of coal tar was produced in the
United States during the late 1800s through the mid 1900s. Based on records accounting for
the gas and the residual coal tar products, several billion gallons of coal tar material from the

MGP facilities is missing (Pamukcu 1994).

Coal tars are a cornposite of many organic an inorganic compounds. Coal consists largely of
the elements carbon, hydrogen and oxygen with small amounts of sulfur and other inorganic
impurities. For purposes of energy analysis as a fuel, the contents of coal are given in terms
of fixed carbon, volatile compounds and water. Coals are ranked by fuel ratio, which is the

ratio of fixed carbon to volatile matter. Volatile compounds burn in the form of a gas and

15




produce a long smokey flame, whereas fixed carbon produces a short, hot, relatively
smokeless flame. The lower ranking coals have a lower heating value than harder coals.

Volatile compounds provide the gas for combustion in the lower ranking, softer coals.

Coal tars are composed mainly of PAHs, VOCs, phenolic compounds, and various inorganic
compounds such as ammonia containing compounds, lead and cyanide. PAHs are the most
dominant constituents of coal tars. Research in Environmental Toxicology has identified
many of these compounds, which have been found in the soil aﬁd ground water near the

former storage and disposal areas, as sources of human and environmental health risks.

PAH compounds are made up of successive aromatic ringed compounds. Generally, an
increase in the number of aromatic rings in a chemical structure, and a corresponding increase
in the compound’s molecular weight will decrease the aqueous solubility of that compound.
A decrease in the water solubility corresponds to an increase in the compound’s octanol-
water partition coefficient (K,,). K, values for PAH compounds range from 2,500 for
naphthalene to 6,300,000 for benzo/ghi]perylene. These values indicate that even the most
water soluble PAH compound, naphthalene, would not be readily transported in the dissolved
phase. Because of this physical characteristic (high K, ), PAH compounds in ground water
tend to partition and bind onto sediments, colloids and soil surfaces, rather than remain in the
aqueous state. Significant volatilization of PAH compounds is unlikely to occur at ambient
ground water and soil temperatures. PAHS are not easily bio-degraded and generally exhibit

long food chain cycle lives.
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The chemical composition of the residual coal tars is dependent on the composition of the
parent coal, the type of process in which the coal gas was synthesized, and the gasification
processing temperatures and operating parameters. Typical low molecular weight PAH
compounds are: Acenaphthene, Acenaphthyfene, Anthracene, Fluorene, Naphthalene, and
Phenanthrene. Typical high molecular weight PAH compounds are: Ben(a)pyrene,
Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(g,h,i)perylene, Benzo(a)pyrene,
Benzo(e)pyrene, Chrysene, Dibenz(a,h)anthracene, and Pyrene. Another common
constituent group of coal tars are the light aromatic compounds, such as Benzene, Toluene
and Xylene. Generally, these chemicals are very water soluble and more mobile, and volatile.
Inorganic constituents in coal tars range from trace amounts of metals, to cyanide and lead
compounds. Coal tar contamination often exists in one, or a combination with one or more,
of the following four fractions‘; 1) a solid or semi-solid fraction; 2) a lighter than water
fraction (LNAPL); 3) a denser than water fraction (DNAPL); and, 4) a water soluble fraction

(Jackman, et al. 1991; Pamukcu 1994; Sabatini, et al. 1991).
2.2.1 Applications for Soil and Ground Water Remediation

The electrokinetic technology is emerging as a viable alternative soil remediation technique.
The technology has performed well on the bench and pilot scale, in removing inorganic and
organic compounds from fine grained materials including sludge, fly ash, mine tailings, soil,
and ground water Aiken, et al.1985; Alshawabkeh 1996; Shapiro, et al 1989; Shapiro 1990;

Yin, et al. 1995).
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2.3 The History and Development of Electrokinetics

The electrokinetic phenomenon was recognized in 1808 by Reuss, and expanded on by
Helmholtz in 1879, by Pellat in 1904 and by Smoluchowski in 1921. The theory of
electrokinetics was presented as the Helmholtz-Smoluchowski theory, which correlates
electroosmotic velocity of a fluid with a defined viscosity and dielectric constant, through a
surface charged medium with a determined zeta potential, under an electric gradient. Speigler
contributed to the understanding of electrokinetics by evaluating the interactions of the mobile
components of soil, water and ions, with each other and the frictional (shear) forces along the
pore walls of the matrix. He theorized that the true electroosmotic flow was expressed as the

difference between the measured water transport and the ion hydration in moles per Faraday.
2.3.1 Theoretical Development

Electrokinetics is a technique which mvolves the desorption of the contaminant (inorganic or
organic) from a soil matrix, the transport of the contaminant through the matrix and the
subsequent concentration of the contaminant in an area accessible for further treatment. The
discovery of the electrokinetic phenomena is credited to Reuss during the early 1800s. He
reported that when two reservorrs filled with water were bridged with a wet clay, and a direct
electrical current (DC) was applied across the cell, water moved from the anode to the
cathode, clouding the water in the anode chamber. The cloudiness was due to OH" anions

migrating toward the anode, reacting with available cations to form hydroxides (most of
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which are white and relatively insoluble in water) and precipitate in the anode reservoir.
Helmholtz developed an equation to describe electroosmotic velocities, which was modified
by Schmoluchowski to apply to electrophoretic velocities, referred to as the Helmholtz-

Smoluchowski equation.

Napier discriminated between the electrolytic process used for electrolysis and the
electroosmotic process related to water movement through the soil matrix. Wiedemann
demonstrated that the volume of fluid electrically transported through porous media was
directly proportional to the applied current. He also reasoned that the weight of fluid to
current ratio was inversely proportional to the to the electrical conductivity of the fluid
medium. Further, Wiedemann reported that the manomeric pressure (gas pressure) was
proportional to the current density, the thickness of the wall and the specific resistance of the
fluid, and is inversely proportional to the cross sectional area of a cell. Quicke proposed that
the reverse phenomenon of electroosmosis would give rise to the electric potential across the
cell. He also reported that for a given electrical gradient across a cell, the increase in
elevation of the manomeric fluid at the cathode was in fact proportional to the square of the

radius of the cell's internal capillaries.
More recently, investigators such as Acar, Lingren, Pamukcu, Probstein, Shapiro, Wittle, and

others have applied the electrokinetic processes to transport and ultimately remove inorganic

and limited organic compounds from fine grained soils.
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2.3.2  Applications in Civil Engineering

Investigators of the electrokinetic technique point to possible engineering applications the

process (Cabera-Guzman, et al. 1990; Casagrande 1953):

. Soil Stability During Excavations . Soil and Ground Water Treatment

. Stabilization of Foundation Soils . Chemical Grout Injections

. De-watering Dredged material . Filtration of Materials

. De-watering Mill Tailings . Removing Salts from Soils

. Damp Proofing Foundations . Mining Metals from the Ocean Floors
. Decreasing Pile Penetration Resistance . Ground Water and Soil Barriers

. Increasing Petroleum Production Rates . Consolidation Tests

. Corrosion Control of Concrete Bridges . Measuring Pore Water Pressure

. Movement of Nutrients and Microorganisms to Specific Sites in the Subsurface

2.4 The Electrokinetic Process

The applicétion of a DC Voltage in a wetted, porous medium leads to three transport
phenomenon: (1) Electrolytic migration, (2) Electrophoresis, and (3) Electroosmosis.
Ionic species will migrate through the soil water system toward an oppositely charged
electrode by the electromigration process (Kuo, et al. 1996; Lingren, et al. 1991). The
electrophoretic process is similar to electromigration in that particles or colloids migrate
under the applied current toward the oppositely charged electrode. Electroosmosis is the bulk
flow of pore watér from one electrode toward the other. This phenomenon is the result of
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a stationary soil phase having an electrical double layer of ions migrating toward the
oppositely charged electrode thereby physically flushing the pore fluid through the soil matrix.
This causes a dragging effect within the soil matrix, further enhancing species removal from

the soil (Adamson, 1990).

The combmation of these electrochemical phenomenon leads to the removal of ionic, charged
and uncharged species from the contaminated soil-water system. The direction and migration
rate of the "contaminant" species is determined by the magnitude and polarity of the charge
on the species, the concentration of the species in the pore water and the concentration of the
contaminant which is sorbed to the soil, the voltage gradient applied across the soil-water
system, the electroosmotic flow velocity, and the pH gradient across the soil-water system.
The electrokinetic process has been successfully applied in the laboratory for ionic species and
compounds with a net charge. This resqarch was intended to test the electrokinetic

phenomenon on organic compounds with no net charge.
2.5 Fundamental Concepts
Electrokinetics as it applies to the remediation of hazardous waste sites, is a potentially

powerful in-situ tool to efficiently move contaminants through soils and ground water

(Banarjee, et al. 1988; Casagrande 1939; Kahn 1989; Pamukcu 1991).
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2.5.1 The Electrokinetic Double Layer

The Electrokinetic double layer is a physical characteristic of the porous medium (soil) used
in this research. The double layer is the region near the surface of a pore wall where the pore
fhuid possesses a charge equal to but opposite in sign of that charge which is inherent to the

surface of the porous media.

To understand electrokinetic movement, one needs to understand the concept of the Electric
Double Layer as the theory relates to the charged surface of soil, in this case clay. Clay
consists of a group of minerals known as clay minerals. They are all essentially hydrous
aluminum silicates. In some, magnesium (Mg) or iron (Fe) substitute in part for aluminum
(AD). Alkalies or alkane earths may be present as essential constituents (Hurlbut, et al. 1977).
If we hold to the tenant that a clay surface carries a negative charge, positively charged ions,
or cations, are attracted to the surface of the particle. Helmholtz and Shapiro suggested that
counter-ions are attracted from the surrounding pore water solution to the particle surface
to maintain electro-neutrality, that is counter the existing charges without additional free
charges. Helmholtz's theory included the assumption that this formed a monolayer on the
surface of the particle. Guoy-Chapman modified this assumption to include in the model,
Brownian motion of ions, which would result in a distribution of ions in a random cloud
around the particle's surface, rather than the monolayer assumption. Thisllayer of distributed
ions is what is commonly referred to as the electric double layer (Figure 2). Stern (1924)

presented a theory which includes a monolayer acting as the counter ions to the particle's
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charged surface (the Stern layer) surrounded by a cloud of ions in a diffused double layer
(Guoy Chapman layer). It is assumed that the diffuse double layer provides the ions for

electroosmotic flow through the soil system (Thompson 1992).

Yo
Stern layer

s
inner Helmhoitz plane (IHP)
Quter Helmholtz plane (OHP)

Diffuse layer

Figure 2: Stern Double Layer

The applied electric field causes a force to be exerted on the fluid in the double layer, causing
movement parallel to the direction of the electric field's stream lines. This movement of fluid
causes a viscous gradient to be developed within the cell, which is responsible for the
movement or dragging of fluids and compounds not directly entrained within the primary

fluid.
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2.5.2 Electroosmosis

Electroosmosis is the movement of water from one electrode to another electrode, as the
result of an applied electric field gradient (Fleureau, et al. 1988). As previously described,
clay particles carry a negative charge, which attracts cations from the pore fluid, creating the
electric double layer. When an electrical field is applied to the system, the cations in the
diffuse double layer are attracted to the cathode, whereas the anions are attracted to the
anode. The clay particles, being negatively charged are also attracted to the anode. Because
the clay particles are immobile, the ions in the double layer are able to migfate. Therefore the
cations are mobilized toward the cathode, dragging the fluid in the pores toward the cathode.
Anions are mobilized toward the anode, also carrying pofe fluid. But the cations (specifically
H" ions) appear to migrate more quickly than the anions (specifically OH’) migrate, therefore
creating an overall electroosmotic movement from the anode to the cathode. It is postulated
that the movement of ions is not a free stream of ions, but rather the exchanging of an ion
with a similar ion on the down gradient side of the flow. Additionally, H" is a strong cation
exchanger, and therefore will tend to replace the cations in the diffuse double layer and on the

surface of the soil particles, further enhancing movement in the pore fluid.

In the dissociation of water, H,O = H" + OH", the hydrogen ion's migration velocity is
greater than the hydroxide ion. Though the reasons for this greater velocity are numerous,
the cause may be dominated by the size of the molecule and the ease in which the H" ion

spring boards itself to the next bonding site, pushing the formerly occupied H" ion to the next
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down gradient binding site. The OH ion is larger and does not have the ability to displace
and push molecules as efficiently as the H" ion, therefore causing the movement of the liquid
phase toward the cathode. The ion migration causes an electron gradient to be developed
within the immediate vicinity of the ion movement, causing the dragging of the pore fluid.
This is "electroosmotic flow". If the double layer was reversed with respect to charge, (the
surface of thé stationary media held a net positive charge) and the double layer had a net

negative charge, the electroosmotic flow would be toward the anode.
2.5.3 Electrophoresis

Electrophoresis is the migration of charged colloids or particles toward the oppositely

charged electrode, as result of the application of an electric gradient (Fleureau, et al. 1988).
2.5.4 Electrolysis and Electromigration

Electrolysis is the oxidation and reduction of water (H,0), as a result of an applied external
current, into O,(g), H'(aq), H,(g), and OH(aq), respectively. As previously described, it is
assumed that this is the predominant force causing the movement of contaminants within the

soil-water system. The chemical reactions involved in electrolysis are:

2H,0 - 4¢° = O, +4H" (oxidation at the -Anode)

4H,0 + 4¢ = H, + 40H (reduction at the Cathode)
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At the anode, H" is evolved, causing the acidification of the pore fluid in the immediate
vicinity of the anode, and the propagation of an acidic front toward the cathode. At the
cathode, OH" is liberated, causing the development of an alkaline front in the immediate

vicinity of the cathode, and the propagation of alkaline front toward the anode.

Electromigration is defined as the ion migration in response to an applied electric field. The
ions which contribute to electromigration are present in the diffuse double layer as counter-
ions and co-ions, and as free-ions in the pore fluid. The soil medium will act as a conductor
for the movement of the ions toward their oppositely charged electrodes. The flow is based
on the concentration of the ions present and the characteristics of the soil matrix. The
electrical gradient generated across the soil matrix depends on the conductivity of that matrix
and the concentration of ions within the pore fluid and the double layer. As the conductivity
mcreases, electroosmotic flow decreases as a result of the decrease in the electrical potential
gradient. Because of this, the increase in the concentration of ions in the pore fluid will cause

a decrease 1n electroosmotic flow.

Due to the electrolysis of the water, the electrolyte concentration within the pore water will
increase resulting in an increase in conductivity in the immediate vicinity of the anode region.
As the H' ion front propagates toward the cathode, causing saturation of the pore voids with
ions which causes the formation of the electron rich double layer, the conductivity in the
cathode region and the propagated front increases by an order of magnitude higher than the

H' front alone. The fact that the H* ions bind preferentially to the clay soil matrix causes the
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increase in conductivity. As the H* front approaches the advancing OH front, water
molecules are formed, causing a decrease in the bulk ion concentration in the pore fluid and
the double layer in the vicinity of the cathode. A direct consequence of this phenomenon is
the decrease in electroosmotic flow in the vicinity of the anode and a subsequent increase in
the osmotic flow in the cathode region. Another consequence is the increase in electrical
gradients leading to an increase in the electrical potential difference across the electrodes

(Adamson 1990; Pamukcu 1994).

2.5.5 Diffusion

It should also be noted that diffusion plays a role in the movement of these organic
compounds in the soil-water matrix (Brusseau 1992; Rao 1990). Diffusion willv‘occur asa
result of an initial concentration gradient, and then as a result of the contaminant
concentration gradient, as the contaminant's leading edge moves toward the respective
electrode. As the leading edge advances due to the electroosmotic flow, the trailing edge will,
due to diffusion, move i the .opposite direction. As that edge's concentration drops lower
than before, the conductivity decreases which effectively causes an increase in osmotic flow
in that micro-region. This increases the flow toward the advancing front; as the concentration
in the trailing edge increases, the osmotic flow drops off, diffusion away from the bulk flow

occurs, and the process repeats itself.
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2.6 Contaminant Transport

Solutes move with soil water, and within the soil water in response to contaminant
concentration gradients. In addition to water movement, contaminants (solutes) interact with
the soil matrix in a continuous dynamic of interrelated physical and chemical processes.
These mteractions mvolve variables such as acidity, temperature, oxidation-reduction
potential (ORP), composition and concentration of the soil solution. Rao (1990) described
the difference between sorption related non-equilibrium and transport related non-equilibrium.
Sorption related non-equilibrium includes Vacatri’s (1988) kinetic and mass transfer models
~ into one group. Transport related non-equilibria is stated as being more appropriate for non-
heterogeneous systems (field conditions). In this case, the rate of mass sorbed and desorbed
from a fixed media (soil matrix) is limited to diffusion, a relatively slow process compared to
the convective transport occurring at and through the macro pores. Brusseau (1992) stated
that the transport related non-equilibrium is relatively unimportant in homogeneous laboratory
type systems. Retarded intra-particle and/or intra-organic matter diffusion is more likely to
occur and be the driving force behind contaminant non-equilibrium in such systems. Ahlert’s
(1989) work supports this hypothesis. In considering solute movement, three mechanisms
are commonly discussed; convective transport, diffusion of solutes, and hydrodynamic

dispersion (Butcher, et al. 1989; Freeze and Cherry 1979; Rieger 1987; Wilkowe 1992).
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The mass flow or convective transport of soil water can be described as Darcian flow, where
the convective flux of solutes J, is proportional to their concentration c, as defined in the

following equation (Equation 1):
J, = qc = -c(KdH/dx)

where g = -K di/dx is Darcy's law which mathematically describes ground water flow, ¢ is the
volume of liquid flowing through a unit area, perpendicular to the direction of flow per unit
time, and c is the mass of solute per unit volume of solution; J, is defined in terms of mass of

solute passing through a unit cross-sectional area of a soil matrix per unit time (Hillel, 1980).

To estimate the travel distance of solute per unit time, the average apparent velocity v of the

flowing solution is defined by the following equation (Equation 2):
v=q/6

where @is the volumetric wetness, and v is given as the straight line length of path traversed
within the matrix per unit time. Realizing that the term v does not take into account
anisotropic conditions or at the least tortuosity, v as defined is an approximation. Therefore

the following equation (Equation 3) is given:



To develop an equation for the average distance L, of convective transport per unit time ¢, the

following equations lead to the desired convective transport equation (Equation 4):

t=LWw

where ¢ is the average residence time within a layer of soil of thickness L. If the flow is not

dependent on forces other than gravity, for purposes of this development one can assume that

the movement of liquid is dependent on the hydraulic conductivity K of the matrix which is

in turn dependent on the wetness © of the matrix.

Therefore, the following equation is presented (Equation 5):

q=K(6)

and manipulating v = g/@with ¢, = L/v, the following equation develops (Equation 6):

t.= LO/K(O)

Equation 7 for average convective distance follows:

L =tK(6)/6
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Diffusion processes occur within the gas and liquid phases due to Brownian motion and
random collisions and deflections of the molecules within the fluid. The result is the tendency
to equilibrate the distribution of diffusible components in any multi-component system (Freeze

and Cherry, 1979; Hillel, 1980).

If solutes in a multi-component fluid begn in disequilibrium, the components will tend to
diffuse from a higher concentration to a lower concentration to achieve phase equilibrium.
Because of this, diffusion is very important for solutes in the liquid phase diffusing into the

solid phase.
Beginning with solutes which are not in equilibrium with a solution, concentration gradients
will exist with the solute tending to diffuse from areas of higher concentration to the lower

concentration solution.

For an uncontaminated volume of water, the rate of diffusion into the bulk water, J, can be

related by Fick's Law to the concentration ¢ as (Equation 8):
Jy=-D, dc/dx

where D, is the diffusion coefficient for the solute diffusing in bulk water, and dc/dx is the

concentration gradient.
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In general, the diffusion of a solute into the liquid phase of a saturated soil is less than the
diffusion of the solute into bulk water. This is because the maximum liquid phase content in
a soil matrix is equal to the porosity of the soil. The soil's pore passages are tortuous, so the
path length of diffusion is greater than a bulk water's physically unrestricted length. Inan

unsaturated soil, the soil wetness is decreased and the path length increases.

Considering only the water volume & and the tortuosity ¢ of the soil matrix, the diffusion

coefficient in soil D, could be defined by the following equation (Equation 9):

D,=D,6(

Tortuosity, ¢, is defined as the ratio of the straight line length of a soil sample to the average
circuitous path length through the soil's voids which molecules and ions travel. Generally,
tortuosity decreases with decreasing water volume (6). Based on this relationship, the
diffusion coefficient in soil, D,, multiplied by the fractional water volume, &, is equal to the

solute's diffusion coefficient in bulk water, D,. This is expressed in Equation 10:

D,=D(6)
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Based on this mathematical reasoning, the rate of liquid phase diffusion in an unsaturated soil

may be written as Equation 11:
Jy=-D()dc/dx

It should be noted that over time (travel distance), the concentration of solute available to
diffuse into a liquid or onto a solid phase decreases, based on the corresponding decrease in

available solute concentration. This is written as Fick's second law (Equation 12):
&/ = D, G/’

Describing the diffusion of solutes in the soil water is complicated by factors not described
in the previously described equations. The soil matrix varies in space and in time. Solutes
interact with and may modify the soil's physical and chemical properties. This may modify
the pore structure and vary the tortuosity of the path way. Different contaminants in the
solute phase may interact with each other, and with those in the adsorbed phase. The
convective flow of the solution and the solute may affect the diffusion process by changing

the distribution of solutes and by inducing hydrodynamic dispersion.

Hydrodynamic dispersion is the motion of a heterogeneous fluid in a porous body, in which
the initially heterogeneous solution mixes and eventually reaches equilibrium between the

different portions of the flowing solutions. Some portions of a flowing solution move more
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quickly than other portions which cause an incoming solution to mix with or disperse within
an antecedent solution. The degree of mixing depends on such parameters as average flow
velocity, pore-size distribution, degree of saturation, and concentration gradients. When
convective velocity is great enough, the effect of hydrodynamic dispersion can greatly exceed
that of molecular diffusion, and the latter can be neglected in the analysis of solute movement.
Conversely, when a soil fluid is at rest, hydrodynamic dispersion is not a component of mixing

and contaminant transport (Hillel, 1980).

Empirically, hydrodynamic dispersion depends directly on the average flow velocity. Thee

dispersion coefficient is mathematically defined in Equation 13:

D, =av

where D, is a dispersion coefficient, v is the average velocity, and a is an empirically derived

parameter.

The diffusion and dispersion terms are often added to describe a diffusion-dispersion
coefficient, D, The diffusion-dispersion coefficient is a function of the water volume B and

the average velocity v (Equation 14):

Dy(6y) =Dy(6) + Dy(v)
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The three mechanisms convection, diffusion, and hydrodynamic dispersion can be combined

to define a total solute flux term.

The total solute flux equation can be further simplified by combining the diffusion and

hydrodynamic dispersion terms as (Equation 15):

J,=v€k - Dy(Byv)dc/dx

where J, is the total mass of solute transported across a unit cross-sectional area of soil per
unit time (D, is the diffusion-dispersion coefficient, v is the average pore-water velocity, ©
is the volumetric wetness, c is the solute concentration, and dc/dx is the solute gradient). The

preceding total solute flux equation is limited to steady state processes.
A transient-state process where fluxes and concentrations vary in time and space is defined

in Equation 16 as:

AcO)/k = -dllk
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2.7  Contaminant Transport by Electrokinetics

Organic contaminant transport processes in soils under electric fields is accomplished by
diffusion, electroosmosis, electromigration, and electrophoresis. Many factors determine the
relative contribution of the aforementioned processes to movement of contaminant species.
Those factors include the soil matrix’s mineralogy, permeant fluid chemical composition and
| degree of conductivity, introduced chemical species in the pore fluid, and the geotechnical
parameters of the soil matrix (permeability, ion exchange potential, available pore size,
tortuosity). The transport meéhanisms are countered by sorption pro‘cesses in the soil,
precipitation and dissolution, and other aqueous phase reactions in the pore water. The
technique has been successfully demonstrateAd to transport the organic species phenol, acetic
acid, hexachlorobutadiene, and hexachlorobenzene in both enhanced and unenhanced bench-
scale experiments (Shapiro et al. 1989; Acar et al. 1992; Acar et al. 1993; Shapiro and

Probstein 1993; Whittle and Pamukcu 1993).

In the case of the unenhanced transport of the PAHSs through a clay matrix, electroosmosis |
appears to be the major transport mechanism, with electromigration being the minor
contributing mechanism (Acar et al. 1989; Pamukcu 1993). Electrophoresis, which is the
transport of charged particles due to an electric field, becomes significant in electrokinetics
when surfactants are introduced. The relative contribution of electroosmosis is often

maximized when the matrix is a low activity clay having a high moisture content.
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Changes in the soil electrochemistry in the test cell will result in vary chemical reactions,
including the solubilization and subsequent precipitation of salts and minerals. Chemical
species transport in the pore water fluid is influenced by the dissolution of minerals and the

formation of new precipitates (Hamed et al. 1991).

The advancement of the acid front (from anode to cathode) is expected to cause the solution
of most of the encountered precipitates through the soil test cell. The base front generated
at the cathode will cause the precipitation of sodium and aluminum hydroxides commonly

associated with clay soils.

2.8  Surfactant Enhanced Contaminant Transport

With respect to the removal of the target organic compounds from the test cell soils, the
electrokinetic process relies primarily on electroosmosis, and to a lesser degree
electromigration, to remove the organic contaminants. A surfactant (surface active agent)
controls both surface charge and the hydrophobic-hydrophilic nature of a surface. When the
surfactant sodium dodecyl sulfate is used in electrokinetic applications, the effect of inter-
particle interactions and surface charge are of key interest Gabr, et al. 1995). The subsequent
balance between the hydrophobic and hydrophilic nature of the surfactant represents the
component necessary to enhance organic contaminant movement through the soil cell. In
aqueous systems there exists two predominant mechanisms for surfactant adsorption:

hydrophobic interaction and ionic interactions. On non-polar particle surfaces, adsorption
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occurs by Van der Waals attraction of the non polar tails to the hydrophobic surface, forming
a micelle. This causes the polar hydrophilic constituent to be oriented toward the aqueous
phase. Hydrophilic surface adsorption occurs primarily by electrostatic interactions between
the polar head group and the oppositely charged surface groups. Because of this, the
surfactant molecule becomes oriented with the hydrophobic group toward the aqueous phase
which causes the surface to become less wetted. Upon the saturation of the sites of the
organic molecule, a micelle is formed. Micelle formation occurs above a critical
concentration of surfactant monomers. This is referred to as the critical micelle concentration
(CMC), which will vary for every surfactant/target organic system. A high CMC may cause
precipitation of the surfactant, and will inhibit the effectiveness of the surfactant toward the
removal of the target organic compounds. Also, surfactant selection for contaminant removal
should consider the possibility that the surfactant will encapsulate organic compounds
indigenous to the vadose zone. Multi-layer adsorption may occur at higher surfactant
concentrations, akin to the electrical double layer previously discussed. The second multi-
layer adsorbs through the Van der Waals forces based on the need for the hydrophobic tails
of the micelle to be removed from thé aqueous system. The encapsulated surface becomes
the hydrophilic surface, with the polar group oriented toward the bulk phase, allowing

removal from the system (Fountain, et al. 1992; Yoem, et al. 1995).

If the micelles are regarded as a separate phase, then adding excess solubilizate phase means
that there are three phases present in the system. Although no gross phase separation can be

observed in a surfactant enhanced system, techniques measuring light scattering in aqueous
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systems suggest that the increase in light scattering is due to the formation of a colloidal
phase. Explanations of this phenomenon indicate that in the region of the CMC aggregation,
thé long chain electrolytes begin to form charged units. The units are miceﬂés. Micelles are
often narrowly dispersed in size and often contain 50 to 100 monomer units. Micelles are
charged if the monomer unit is an electrolyte, as is the case of sodium dodecyl sulfate. Since
it is the long chain ion that aggregates while the opposite charged, the counterions, remain
unaggregated. The presence of a large charge on the micelle is evident from their
electrophoretic mobility. The net charge may be less than the degree of aggregation because,
presumably, some of the counterions attach to the micelle, presumably as part of the Stern

double layer (Adamson 1990).

The published work on the solubilization of relatively insoluble organic compounds is based
on the phase separation model of the micelle. Solubilization has been treated as a partitioning
of solubilizate molecules between a micellar phase and the intra-micellar bulk phase. The
partition coefficient is usually defined as the ratio of the mole fraction of solubilizate in the
micelles (molecules of solubilizate per micelle per total solubilizate plus surfactant molecules
per micelle) to the concentration of solubilizate in the solution outside of the micelle.
Presentations of the formation of micelles have previously been based on mass-action
approaches (Moroi 1992). Solubilization has also been discussed with respect to the Gibbs

phase rule (Adamson 1990).
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" The morphology of the micelle structure has been discussed and disputed by physical
chemists; a clear picture of the shape of the colloid has not been definitively established.
Hartley proposed a spherical shape while McBain has presented evidence that a lamellar form
also exists. Nuclear Magnetic Resonance (NMR) studies indicate that a spherical lattice

structure would allow the micelle to be encapsulated in a relatively fluid environment.

When a surfactant is added to the aqueous system, the extent that the organic will concentrate
in the micelle is defined through the octanol-water partition coefficient (K,,) of the target
organic. The larger the K, of the organic contaminant, the greater the tendency of the
organic compound to concentrate in the micellular envelope. In the saturated zone of the soil,
the interface between the water and the organic contaminant-surfactant is characterized by
the interfacial tension (IFT) which develops. The force which encapsulates the organic is
dominated by capillarity (adhesive-cohesive force) which is proportional to the IFT at the
water-organic interface. It has been postulated that in order to achieve optimal movement
through the soil, the surfactant-organic micelle system needs to be compressed by the addition
of a co-surfactant. The co-surfactant system used during this research was butanol. The co-
- surfactant compresses the micelle by binding the tails of the surfactant more tightly than

allowed by surface charge interactions of a non co-surfactant system.
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CHAPTER 3

MATERIALS AND METHODS

3.1  Sample Collection

The soil samples and coal tar colloidal suspension used for this research were collected from
a fqrmer MGP facility, located in Champaign Urbana, Illinois during December of 1991. The
sampling program was drafted to inchide areas of suspected heavy coal tar contamination and
areas considered clean. These areas were identified in an Environmental Assessment report
for the former MGP site in June, 1989, by John Mathes, Geotechnical Engineers of St. Lous,
Missouri. During the initial (1989) field investigation, the geotechnical engineers and
scientists evaluated the subsurface using field techniques common to environmental
investigations. Ground water monitor wells were installed as soil cores were screened for
relative levels of contamination. Screening was accomplished by visual inspection, an HNu
photo ionization detector (PID), and by chemical laboratory evaluation of the soil samples.
Upon completion of the monitor well installation, soil and ground water sampling and
chemical evaluations, site maps presenting the suspected extent of the contamination, and
characteristics of the contamination were prepared of the former MGP site. Based on the
available information, a sampling grid was developed, and soil cores were retrieved via Shelby
tubes for the electrokinetic experiments to evaluate the feasibility of applying this process to

decontaminate the soil at the Champaign-Urbana site (Figure 3).
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Figure 3: Sample Locations at the MGP Site

The soil core samples were retrieved in 7 centimeter (cm) inner diameter (ID), 76 cm long
steel Shelby tubes. Soil cores were recovered at two foot intervals, at depth below ground
surface (bgs) ranging from 8 to 10 feet bgs, 10 to 12 feet bgs, 18 to 20 feet bgs, and 20 to 22
feet bgs. The zollected Shelby tubes were sealed with a paraffin wax on both ends, capped
and taped to preserve the moisture content of the sample. The soil samples were shipped via
overnight courier to Lehigh University and stored at 4 degrees centigrade (°C) until the
experiments began. To begin the experiments, the soil cores were removed from the chosen
Shelby tube. To remove an undisturbed soil sample from the Shelby tube, two longitudinat
cuts were made by a table saw fitted with a carborundum blade. Upon opening the Shelby

tube, the soil core and steel tube were wrapped in aluminum foil, with the edges of the foil
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taped to preserve the integrity of the sample until the electrokinetic testing process was
initiated. The soil samples were stored after removal from the Shelby tubes and following the
initiation of testing, at approximately 4 °C in one of Lehigh University's cold room

refrigeration units.
3.2  Testing Program

The electrokinetic tests were performed in the Geotechnical Engineering Laboratory and n
the Organic Chemistry Laboratories at Lehigh University. Physical parameters were
evaluated in Lehigh’s Department of Earth and Environmental Sciences Laboratories, and the
Geotechnical Engineering Laboratory. The soil samples were stored and maintained at 4 °C
in a walk in refrigeration unit located in Lehigh’s Seeley G. Mudd Chemistry building. The
electrokinetic testing apparatus was designed for and dedicated to this research. The initial
chemical analyses were performed by Heritage Environmental Laboratories, Indianapolis,
Indiana. As the research progressed, the chemical analyses were performed at Lehigh
University's chemistry department gﬁs chromatography facility. The initial research was

carried out between 1992 and 1993.
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3.2.1 Contaminants

Coal tar is a complex mixture of hydrocarbons. The constituents of coal tar and coal tar
distillates are generally defined as coal, petroleum fuels, pitch, and solvents. The raw
materials, intermediate products, final products, and waste products generated during the

manufacture and use of manufactured gas are:

. Acetone . Acridine . Aniline , . Arsenic

. Creosote . Cresol . Lead . Naphthalene
. Phenols . PAHs . Benzene . Benzol

. Toluene . Xylene . Ethyl benzene

The target compounds analyzed for during this study were PAHs commonly associated with
coal tar residuals. The specific PAH compounds analyzed for were Naphthalene, Pyrene,
Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Benz(a)pyrene,
Benzo(a)anthracene, Benzo(b)fluoranthene, Benzo(g,h,i)perylene, Benzo(k)fluoranthene,
Chrysene, Dibenzo(a,h)anthracene, and Indeno(l,2,3-c,d)pyrene (Pamukcu 1994;
Schwarzenbach, et al. 1993). The specific PAH compounds analyzed for are grouped into
two categories; those which are deemed potentially carcinogenic and those which are not

carcinogenic.




3.2.2 Testing Equipment

The electrokinetic testing equipment used for this study was designed based on previous
working apparatus used in electrokinetic studies carried out at Lehigh University (Kahn,
Pamukcu, et al. 1989). The testing apparatus consists of a two component system and an
external power supply. The first component is the cell which houses the soil, the electrodes,
porous frits to separate the soil from the electrode, anode and the cathode fluid reservoirs,
and gas expulsion valves for the release and subsequent measurement of the gasses collected
during the experimentation in the electrode chambers. The second component of the testing
apparatus is a panel which holds two graduated burettes which feed the anode chamber of the
cell system, and receive the effluent waters from the cathode chamber of the cell system. The
cell and the panel were comnected by chemical resistant Teflon™ tubing. The cell,
manufactured by Ace Glass of Vineland, New Jersey, is constructed of Pyrex™ glass ﬁtted
with three sampling ports along the length of the tube. The reservoirs are connected to the
feed burettes by chemical resistant Teflon adapters. Though Teflon is inert, it is porous and
can harbor contaminants; this may have provided a sink for the contaminants during the
testing procedure. The fluid reservoirs were also constructed of Pyrex, and fitted with an
inlet and outlet port, a electrode connector port, and a gas expulsion port. The inlet and
outlet ports were fitted with a glass and Teflon stopcock to allow flow control to the
reservoirs when necessary. The expulsion port was initially fitted with a glass and Teflon
stopcock to allow gas venting during the tests, but during the course of the research, stainless

steel relief valves were used in lieu of the glass stopcock. The frits were a sintered glass frit
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with a permeability of approximately 10 cm/sec. This is more permeable than the soil is
considered to be (approximately 10~ cm/sec), and therefore did not hinder the osmotic flows
during this research. The electrodes used were constructed of carbon rods supplied by
Carbone of America, Ultra Carbon Division, Bay City, Michigan. Stainless steel electrodes
were tested during the course of the research, and were found to perform adequately. Due

to the lower cost of the graphite electrodes, the graphite rods were chosen.

L power connsction

Figure 4: Electrokinetic Test Cell
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3.2.3 Sample Preparation

Soil core samples were collected in Shelby tubes from the MGP facility, and held upright in
a cooler at the site. Following the completion of the site sampling, the Shelby tubes were
shipped by over night courier to the Fritz Engineering Laboratories at Lehigh University,
where the samples were transferred to a refrigerated storage unit in the Mudd Chemistry
building. The cold room maintained the soil samples at a constant temperature of 4°C. When
the electrokinetic testing apparatus was being prepared, the selected Shelby tube was removed
from the cold room, taken to the engineering machine shop, and opened. The tubes were
opened by making two longitudinal cuts on opposite sides of the tube. Following opening of
the tube, the sample was returned to the cold room for additional preparation. The soil
sample was reviewed, and observations were noted. An approximate 12 cm section of
visually homogeneous (soil type, color) soil was removed from the Shelby tube, trimmed, and
pushed into the glass sample chamber. In an effort to maintain the soils’ native, undisturbed
status, handling and mantpulation of the soil sample was minimized. Once the soil sample was
inserted into the sample chamber, the sintered glass frits were placed in the recessed ends of
the chamber. Following the frits, butadiene O-rings were placed on both ends of the Teflon
coupler, and the coupler was attached to the sample chamber. The electrode chamber was
fitted with the graphite electrode, which exited through the center of the end of the chamber,
and sealed with a butadiene O-ring and a threaded Teflon fitting. The electrode chamber was

attached to the soil sample chamber, and the four glass and Teflon stopcock valves were
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installed on both ends of the electrode chambers. The three measuring ports on the dorsal
side of the soil sample chamber were fitted with graphite sampling electrodes, and sealed with
butadiene O-rings and threaded Teflon fittings (Figure 4). At this point in the sample
apparatus preparation, the chamber was removed from the cold room to the testing laboratory

to complete the sample testing set-up.

To complete the test cell set-up, the two electrode chambers of the electrokinetic cell were
filled, by removing the chambers' valve, with the chosen permeant fluid, and sealed with the
stopcock closed. The cell was then placed in a cradle to maintain the upright status of the cell
and the electrical and fluid connections to the cell were completed. After the panel burettes
were filled with the permeant fluid, the valves between the cell chamber and burette were
opened, and the gas expulsion port on the chamber was bled to fully fill the chambers with
the permeant fluid. Following this procedure, the burettes were filled to a starting volume,

the volume was recorded, and the electrokinetic apparatus was ready for experimentation

(Figure 5).

The permeant fluid used, unless otherwise noted, was a synthetic ground water solution based
on United States Geological Survey (USGS) records (1989) of ground water from Jefferson

County, Idaho, the constituents of which are given in Table 3-1.
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Figure 5: Schematic diagram of the Electrokinetic Test Apparatus
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Table 3-1

Synthetic Ground Water Solution Constituents

Ground Water Constituent Jefferson County, Idaho

Synthetic Ground Water

7.69

7.90

46.75 mg/L

47.06 mg/L

13.9 mg/L

14.00 mg/L.

212.5 mg/L

90.51 mg/L

33.69 mg/L

83.43 mg/LL

31.88 mg/L

32.04mg/L

3.41 mg/L

3.51 mg/L

29.37mg/L

5534 mg/L

0.31 mg/L

28.75mg/L

--Nitrogen, Nitrate 0.01 mg/L—

2.54mg/L

1.87uglL

2.01 ug/L

5538 ug/L

5495 ug/L

0.5ug/L

1.0 ug/L

0.98 ug/L

173.75 ug/l

171.61 ug/L

ug/L = micrograms per Liter

3.2.4 Testing Procedure

During the assemblage of the electrokinetic cell, the soil which was trimmed from the ends

of the cell was collected and analyzed for geotechnical parameters. The parameters included:

soil moisture content, mineral content, specific gravity, and particle size distribution.
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Prior to the initiation of the electrokinetic testing, the trimmed soil samples were evaluated
for the target PAH compound concentrations. These concentrations were recorded as the

initial concentrations of each sample's PAH compounds.

The individua} electrokinetic tests ranged from 2 to 4 weeks in duration. During the tests,
fluid flow (volumetric decrease in the anode chamber burette; volumetric increase in the
cathode chamber burette) measurements were recorded. The power source was maintained
at a constant 30 Volts (V); the voltage drop across the cell and the current across the cell was
recorded at regular intervals. The voltage through the soil cell was measured via the anode
and cathode power connections; the voltage drop across the soil cell was measured via the
dorsal mounted electrodes. Data was collected and recorded at the initiation of the
experiment, and 15 minutes, 30 minutes, 60 minutes, and 120 minutes into the test. During
the shorter experiments, data was further collected at intervals of 120 minutes and 180
minutes. During the longer experiments, data was collected, following the initial intervals
then at 720 minute (12 hour) mtervals. Permeation fluid generally molved from the anode
burette, through the soil cell, and accumulated in the cathode burette. In addition to fluid
movement, gas was generated at the anode and cathode, and was collected m their respective
electrode chambers. The gas was expelled from the chambers, and the depleted burette was
replenished of fluid, recording the volume of the added fluid. The fluid which was transported
through the cell was collected for analysis; observations such as color, accumulation of

precipitate, and the volume of the fluid was recorded.
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Following the completion of the electrokinetic experiment, observations of the anode and
cathode water were recorded (color, presence of sheen, odor). The pH of the anode and
cathode waters were measured and recorded. The pH of the water was measured using a
Beckman Digital pH meter, fitted with a standard probe. Samples of the anode and cathode
fluids were collected and later analyzed for the targeted PAH compounds; the water samples

were preserved by reﬁi’geration at 4°C, and were analyzed within seven days of collection.

Observations of the soil were also collected and recorded. The soil was pressed out of the
sample cell and cut into five sections. The pH of the soil sections were measured and -
recorded. The pH of the soil was measured using a Orion 91360 probe. The anode and
cathode end, and the center soil samples were collected and refrigerated (unpreserved except
for the lower temperatures), and analyzed for the targeted PAH compounds within seven days

of sample collection.

3.2.5 Surfactant Addition

The use of a sodium dodecyl sulfate, an anionic surfactant, was investigated in this research.
The surfactant was donated by the Union Carbide Chemicals and Plastics Company; there was
no purity information supplied with the chemical, and it was used as it was received. The
surfactant was added to the synthetic ground water solution to achieve a concentration of
1,000 milligrams per Liter (mg/L). This is above the critical micelle concentration (CMC) of

approximately 500 mg/L. Two co-surfactants were tested during this work. Ethanol and

52



butanol were tested, separately, at a 20% volume of the co-surfactant to an 80% volume of
the surfactant solution. Both the ethanol and butanol were supplied by The Fisher Scientific
Comp.any, and were 99.9% high performance liquid chromatography (HPLC) grade. This
system was then added to the elgctrode chamber, and evaluated for PAH removal efficiency.
The “system” used during the tests presented here were the surfactant sodium dodecyl sulfate
(SDS) and the co-surfactant butanol. Based on the evaluation of the data presented in this
thesis, the surfactant/synthetic ground water system was more effective in mobilizing the
target PAH compounds than the ground water without surfactant. Also, the surfactant
system alone was more effective in mobilizing the target organic compounds than the

surfactant and co-surfactant ground water system.
3.3  Chemical Analyses

Soil and water samples collected prior to and following the electrokinetic testing were
analyzed for target PAH compounds. Samples were analyzed at an independent laboratory
(Heritage Laboratories, Inc.), and at Lehigh University Laboratories. The samplés selected
for chemical evaluation, qualitative level of contamination, i)ore volume flow (PVF), test

duration, and general comments are outlined in Table 3-2.
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3.3.1 Gas Chromatography

Gas Chromatography has developed into an extremely versatile instrument for selective and
sensitive analysis of organic materials. This analytical technique has proven, since it’s
development in the early 1950s, to be successful for micrograms per Kilogram (ug/Kg) or

microgram per Liter (ug/L) quantitative analysis of chemical compounds.

Gas Chromatography (GC) involves the vaporization of a liquid sample followed by the
separation of the constituent gaseous components so those components can be qualitatively
and quantitatively identified. The basic components of a GC are a source of carrier gas, a
valving mechanism to control gas flow rate, an injection port for sample introduction, a
chromatographic column, a heating and cooling mechanism to control the column's

temperature, and a detector (Shiner, et al 1980).

- The carrier gas source is an inert gas such as hydrogen, helium, or nitrogen which flows

through the column at a constant flow rate. A sample of analyte in the liquid phase is
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Table 3-2

Sample Identification and Observations

SAMPLE ID

CONTAMINATION

PORE VOLUME FLOW (PVF)

TEST DURATION (weeks)

COMMENTS

UTB-23-G1

Heavy

2.4

b
-

Oily Sheen in

Cathode Water

UTB-23-G4

Heavy

5.8

Oily Sheen in
Cathode Water;
Tar residue in

Cathode Frit

UTB-23-G5

Very Heavy

9.0

Control Specimen
for UTB-23-

$1.52.53

UTB-23-51

Very Heavy

7.6

Surfactant used in

Cathode Water

UTB-23-52

Very Heavy

5.5

Surfactant and a
co-surfactant in

Cathode Water

UTB-23-S3

Very Heavy

8.0

Surfactant and a

co-surfactant in

Cathode Water

UTB-13-A2

Moderate

Surtactant injected
into Cathode

Water

UTB-23B-8/10

Light to Moderate

33

(&)

Oily Sheen in
Cathode Water:
High ionic content
in Cathode Water:
Constant Current

Densitv

UTB-24T-10:12

Light to Moderate

4.3

2

Oily Sheen
Cathode Water:
Constant Current

Densitv




injected, via the injection port, and is flash vaporized. The analyte’s constituents are
converted into the gaseous state, entrained into the carrier gas (mobile phase) stream, and
carried through the chromatographic column. The gaseous organic constituents travel
through the column at differing rates, due to the compounds’ affinity for the column
(adsorption). Components of the sample are separated by their relative abilities to be
adsorbed by the supported stationary phase. The presence of the individual components is
detected (detector) and recorded when the components are swept to the end of the column
by the carrier gas. Separation of the sample is a function of both the polarity and volatility
of the sampies’ constituent components. Typical chromatographs from this study are found
in Appendix A. The time which is required from injection to detection is referred to as the
components retention time. The detector transmits a signal which is translated into a
discernable electronic or physically measurable peak. The detector used in this study was a
flame ionization detector (FID). The flame jonization detector measures sample content by
burning the eluted sample in a hydrogen generated flame, and counting the ions which are

produced.

In this study, an mtegrator collected the data and converted the resultant electronic counts
into a measurable peak. The area under the peak is proportional to the concentration of the
component i that sample. The detected compounds peak areas are compared to peak areas
generated by known concentrations of known standard compounds. Qualitative and

quantitative analysis is based on the comparisons of the library of known compounds and
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concentrations with those peak signals of the unknown sample.

The analyses completed at the Lehigh University Laboratories were performed using a Hewlet
Packard S5880A Series Gas Chromatograph, équipped with a 5880A series Gas
Chromatograph (level four) terminal integrator. The column used during for the analyses was
a 30 meters (m) long, 0.053 millimeters (mm) inner diameter (ID), 5 micrometer df column,
Cross Bonded 100% Dimethyl Polysiloxane column [RTX-I, Restek, Inc., Bellefonte,

. Pennsylvania (Appendix A)].
3.3.2 Nuclear Magnetic Resonance

With respect to electrolyte solution investigations, Nuclear Magnetic Resonance (NMR)
spectroscopy is a powerful analytical tool which can be used to investigate (1) the structure
of organic molecules in solution, (2) the influence of a surface on the structure of solutions,
(3) the dynamics of solutions, and (4) the permeability and pore geometry of porous media.
During this investigation, NMR was used to confirm the moveﬁmt of organic species
through the soil matrix, by evaluating the spectra for the presence of aromatic (PAH)

compounds.

Protons and electrons possess properties of spin. Both have two nuclear spin states, +1/2 and
-1/2, which are degenerate or equal in energy. A proton has a spimning charge, with a

magnetic moment coinciding with the axis of rotation. In the presence of an induced
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magnetic field, the two nuclear spin states no longer have equal energy and are split. The
state in which the nuclear magnetic moment is aligned with the magnetic field is a lower
energy state than when the nuclear magnetic moment is opposing the magnetic field. The
energy difference between the two states corresponds to the radio frequency region of the
electromagnetic spectrum. A sample is placed in the presence of a magnetic field and causes
spin splitting to occur. Based on B;oltzman’s distribution, 50% of the spins will be in a lower
energy state and the remaining 50% of the spins will be in a the higher energy state. Upon
application of a radio frequency (RF) signal, protons in the lower energy spin state gain
sufficient energy to reach the higher energy spin state. As the excited protons return to their
original spin state, the energy released during the relaxation is detected, and recorded

(Silverstein, et al. 1981).

The NMR spectrometer used during this work used electromagnets which operated in a
complementary manner; the source was maintained at a constant 60 megahertz (MHz) while
the magnetic field strength was varied to allow the energy gap between the spin states to

match that of the source.

Absorption of a specific frequency is governed by the characteristics of the sample. A plot
of the frequencies of absorption peaks versus intensities is a NMR spectra. The difference
in the absorption position of a particular proton to that of a reference proton
[tetramethylsilane (TMS)] is referred to as the chemical shift. Different chemical

environments for protons give rise to differing chemical shifts. Chemical shifts are typically
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described by delta units as parts per million, or ppm.

What makes NMR spectroscopy an outstanding analytical tool for structure determination is
that protons in different environments experience varying degrees of shielding, and have
different chemical shifts. Shielding is defined by the organic compounds number of electrons
which shield the bound proton from the induced magnetic field. Increased shielding requires
a greater magnetic field to achieve resonance. Chemical shifts are the changes in the
resonance position of a nucleus which is brought about by it's molecular environment. The

nature of the bonding in the molecule affects the chemical shift.
During this work, NMR spectroscopy was used to analyze extracted soil samples to identify

compound movement through the soil cell. Samples were collected prior to and following

the application of the electrokinetic experiments.
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CHAPTER 4
RESULTS
4.1 Introduction

The experiments performed to test and evaluate the theories presented herein were carried
out from 1991 through 1993 at Lehigh University. The premise of the research was to
evaluéte the probability and subsequent efficacy to remove organic coal tar constituents from
soil which was recovered from the Iflinois Power - Champaign Urbana former MGP facility
site. The primary soil matrix encountered in this study was clay, predominantly illite with
kaolinite clays. Some medium to fine sands were also encountered in the collected soil
samples [ American Society for Testing Material (ASTM) guidelines]. The samples evaluated
from the Illinois Power site (referred to as IP-Champaign Urbana) were collected in
December 1991. The soil sampling locations were chosen by the consulting engineers for
[linois Power (John Mathes Consulting Geotechnical Engineers, Columbia, Missouri), Illinois
Power Environmental Engineering personnel, and Dr. Sibel Pamukcu. Soil samples were
collected at suspected or previously documented areas of significant coal tar contamination,
of moderate contamination, and areas of the site which were deemed "clean". Additionally,
coal tar emuision was collected from an abandoned coal tar holding pit located on the
IP-Champaign Urbana site. The experiments performed were modeled after the experimeﬁtal

techniques previously established at Lehigh University (Kahn, et al. 1989; Pamukcu 1991;
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Pamukcu, et al. 1992; Pamukcu 1994).
4.2  General Discussions

The predominant mechanisms which mobilized the PAH compounds through the clay test
chamber were electroosmosis and electrolytic migration. The target PAH compounds which
were the least mobilized toward the cathode were the compounds with the greatest molecular
- weights. Separation occurred with the lowest molecular weight compounds apparently were
mobilized toward the cathode, and the highest molecular weight compounds remaining at the
caihode. PAH compounds with a mid range molecular weight were detected in the greatest
concentration in the center of the test chamber. For example, the relatively low molecular
weight néphthalene (MW = 128.2) was concentrated at the cathode section of the test cell
while the highest molecular weight compound dibenzo(ah)anthracene (MW = 278.4) was
concentrated in the anode portion of the test cell. A mid-range molecular weight PAH,

pyrene (MW = 202), concentrated in the center of the test cell.

With the addition of the anionic surfactant to the cathode chamber, the major concentrations
of the target PAH compounds were mobilized toward either the anode portion of the test cell
or the cz;thbde portion of the test cell, leaving the center of the chamber relatively target PAH
compound free. The major concentration of the PAH compounds were mobilized toward the

anode portion of the test cell.
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The addition of the surfactant with the butanol cosurfactant into the cathode chamber caused
the low molecular weight target PAH compounds to concentrate toward the cathode
chamber. The higher molecular weight compounds tended to concentrate in the anode
portion of the electfokinetic test cell. The mid range molecular weight compounds also
tended to concentrate i the anode portion of the test cell. The surfactant with cosurfactant
permeate did not remove the PAH compounds from the center portion of the test cell as the

surfactant alone had.
43  Experimental Results

The soil core samples were retrieved from the MGP located in Champaign-Urbana, Hlinois
during December of 1991, in steel Shelby tubes. Following collection of the Shelby tubes,
the ends of the tubes were sealed with a paraffin wax, supplied by Mathes Geotechnical
Services, and shipped to Lehigh University’s Geotechnical Laboratories. The contents of the
Shelby tubes were analyzed in the Geosciences and Geotechnical Engineering Laboratories

at Lehigh University.

The soil core from the bore hole labeled underground test boring - 23 (UTB-23) was found
to be in primarily in the silt and clay size range, described as 70% to 90% passing through the
#200 sieve. The mineralogy is dominated by illite clay, with quartz and some chlorite

(Appendix B ).
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Clay minerals are phyliosilicates, which are silicates with continuous sheet structures like
mica. The clays have a characteristic structure made up of alternating layers or sheets of two
kinds. One sheet consists of the ions AP*, O%, and OH . The negative ions form an
octahedra around the AP*, the relative numbers of O*and OH being adjusted to satisfy the
valence of the entire structure; the O* and OH- are shared between adjacent octahedra, so that
the structure is continuous in two dimensions. The second kind of sheet is made up of Si*,
07, and OH ions. Each Si** is the center of a tetrahedron of oxygen ions. The tetrahedron
all face the in same direction with the oxygens linked at their bases so as to forma hexagonal

rings. This sheet is the tetrahedral sheet or the silica sheet of the clay structure.

Chemically, clay is best described as hydrous aluminum silicates. Many clays contam other
metals in addition to aluminum, particularly magnesium and iron. Crude molecular formulas
of the principal clays can be written as H,ALS1,0,, which is Kaolinite, and HAISi,0,, which
is montmorillonite. One of the ions most firmly held by montmorillonite is potassium (K*),
which is a relatively large atom which fits well and is held strongly between the layers of the
clay structure. Clays which are lacking a positive charge, due largely to substitution in the
tetrahedral sheets hold the K" especially strongly, with the consequence that only part of it
is replaceable by other ions. These clays, which are held together with successive K" ions are
illite clays. Clays whose layers are held together by the attraction of K* for strong negative
charges in the tetrahedron sheets. These three layered clays have a strong net negative

charge, and can be pushed apart by adsorbed water (Krauskopf, 1979).
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The soil core from bore hole UTB-24 was found to contain more granular material than UTB-

23, with 10% to 20% passing through the #200 sieve. The mineralogy varies from that of

UTB-23 in that there are more carbonate minerals in the 8 to 10 feet bgs section of the bore

hole, and more quartz minerals in the 10 to 12 feet bgs section . The increased presence of

quartz with increasing depth is supported by the decrease in clay and silt sized material with

increasing depth.

Table 4-1

Soil Index Properties

Sample Bulk Average Dry Water Water Average Sat'd Average Sat’d
Density { Bulk Density § Content + Content Void before after EK Test
(g/em®) Density (g/emy’) before EK | after EK | Ratio (2) EK (%) (3)
(g/em®) Test (%) Test Test
63} (%) (%)
lvrBscr |18 - 1.42 285" 30.1 0.77 925 | 999 1'
I UTB-23-G4 1.83 - 1.40 310° 32.7 0.80 96.4 99.9 —"
UTB-23-G5 1.70 - 1.39 22.0 29.3 0.84 67.8 87.2
UTB-23-S1 1.82 - 1.42 28.0 334 0.83 90.2 98.1
UTB-23-82 1.67 - 1.26 324 43.1 1.07 80.8 98.2 "
UTB-23-83 1.85 - 1.45 27.5° 325 0.81 92.8 94.2 ]l
UTB-23-A2 1.79 1.12 1.26 41.7 35.5 1.00 99.9 92.9 "
UTB-24B-8/10 | 2.14 245 1.87 14.4 13.8 0.40 95.5 89.7 "
UTB-24T- 2.09 2.27 1.83 14.4 14.2 0.44 88.2 82.5 A
10/12
[
-= Not evaluated

(1) = Water content by dry weight (Weight ...,/ Weight 5.,
; (2) = Void Ratio = (Volume ..,/ Volume (,,,)

(3) = Based on average water content at the anode, center, and cathode locations
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The average specific gravity of the UTB-23 soil sample was measured to be 2.54; the average
specific gravity of the UTB-24 soil sample was measured to be 2.60. The measured index
properties for the collected soil samples and the quantity of electrokinetically enhanced water

flow through each test soil sample are provided in Table 4-1.

4.3.1 Electrical Potential Gradients and Flow

Throughout the tests, water flow was enhanced by electroosmosis, as evidenced by consistent
water flow through the electrokinetic cells. Current efficiencies, defined as the quantity of
water flow per unit of electrical charge [equal to the electricity transferred by a current of one
ampere in one second (Coulomb)] generally remamed constant through the cells. Following

an initial spike of current flow through the cells, steady state flows were achieved.

43.2 pH Profiles

The pH distributions in the soil and the water chambers, following the electrokinetic tests
exhibited a consistent pattern. Consistent soil pH gradients developed through the tests, and
generally followed the pattern without deviance. The soil toward the anode section of the cell
was generally in the pH range of 5 units, whereas the soil toward the cathode portion of the
cell approached a pH of 10 units. The pH value trends in the aqueous chambers were
consistent with the pH trends observed in the soil. The pH values in the anode chambers were

consistently in the range of 2 to 3 units, whereas the pH in the cathode chamber ranged from
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10 to 12 units.
4.3.3 Conductivity

The conductivity of the electrokinetic cell was measured in terms of a voltage drop,
monitored between the anode and the cathode." The voltage drop and current were monitored
between the ports located on the upper surface of the electrokinetic chamber (anode-P1, P1-
P2, P2-P3, and P3-cathode). The voltage and measured current were used to compute the
resistance in ohms, between the sections of the test soil. The figures found in Appendix C

present the resistance developed in the test soils during the electrokinetic treatments.

The resistance was generally higher at the Anode to P1 interval, than in the other measured
mtervals. Both the anode to P1 and P3 to cathode intervais exhibited an initial “trough” of
resistance, followed by a relaxation of the “trough” to a more constant value over a 24 to 48
hour test period. Overall, the resistance values within the test soil (P1-P2, P2-P3) fell into
the 1 to 2 K-ohms range. An exception to this generalization was demonstrated by test soil
UTB-23-A2, where the anode-P1 and P3-cathode interval resistances were effectively equal

to or less than that within the soil chamber.
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4.3.4 Energy Expenditure

During the electrokinetic tests, substantial pore volumes of water were moved through the
soil chambers while generally constant current efficiencies were observed (Pamukcu 1994).
The current variations and water flow through the test soil cells for samples UTB-23-8/10,
UTB-24-8/10, and UTB-24-10/12 are presented in Appendix C. Water flow equilibrated in
the majority of the soils during the experimental procedures. The center sections of sample
UTB-23-8/10 did not achieve a steady state flow during the testing procedures. Non-steady
state flow or unsaturated flow was exhibited in samples UTB-23-G4, GS, S1, S2, and S3.

The total inflow and total outflow data are presented in Tabie 4-2 below.

During the electrokinetic tests, the current through the test cells was generally constant,
baring the sample UTB-23-A2 (Pamukcu 1994). As shown in Appendix C, the current in
sample UTB-23-A2 varied from approximately 11 mA to 2 mA. As presented in Table 4-1,
the sample’s soil index properties show that UTB-23-A2 had the greatest initial water content
and a low dry bulk density. This suggests mineral dissolution which would provide a greater
initial current§ aS the test proceeded, the concentration of ions decreased, the current
decreased to a stable concentration. The average current density was calculated to be 0.34

mA/cny’,
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Table 4-2

Electrokinetic Flow Data for the Soil Samples

|
4

. Volume of - ~Average | Average

Outﬂﬁ (em)

PVF = pore volume flow (Volume of Inflow)

Average current = Curreat averaged over the duration of Electrokinetic treatment
! = Anionic surfactant injected into the cathode chamber

?= Anionic surfactant and co-surfactant injected into the cathode chamber

* = Anionic surfactant and co-surfactant injected into the cathode chamber

¢ = Anionic surfactant injected into the anode chamber
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The current efficiencies of the electrokinetic test cells, which is the unit of electric charge
equal to the electricity trénsferred by a current of one ampere in one second (Coulomb), were
calculated. Steady state current efficiencies indicate that the test samples reached equilibrium.
A decrease in the current efficiency indicates that there has been an increase in the ionic
strength of the pore water in the test sample, and that electromigration is strongly
contributing to the electrokinetic flow through the sample. An increase in the current
efficiency indicates the reverse, that the ionic strength in the pore water has decreased and the

electrokinetic flow is dominated by electroosmosis.

Table 4-3

Electrokinetic Current Efficiency Data of the Field Soil Samples

Sample ID Current Efficiency R? W Arithmetic Average
M) M) 1
UTB-23-Al 747 098 139 154
UTB-23-Gl 123.0 0.98 139 154
UTB-23-G4 92.7 0.99 139 154

UTB-23-G5 202.7 0.96 139 154

UTB-23-S1 134.0 0.98 166 155
UTB-23-82 122.7 0.97 166 155
UTB-23-83 208.6 0.99 166 155
UTB-24T-8/10 149.2 0.99 1115 114
UTB-24B-8/10 127.8 0.99 1115 114
UTB-24T-10/12 106.0 0.99 111.5 114
UTB-24B-10/12 73.2 0.98 111.5 114

— e — ]
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The average current efficiencies are presented above, in Table 4-3. The greatest current
efficiency was demonstrated in the soil sample with the surfactant and co-surfactant
introduced into the cathode chamber (UTB-23-S3). The lowest current efficiency was
demonstrated in the soil sample with the ground water and surfactant enhancement introduced
into the anode chamber (UTB-23-A2). The current efficiency values are presented as the
pore volume fraction of inflow per moles of electrons transferred. The moles of electrons is
the cumulative current multiplied by the elapsed time, divided by the Faraday constant

[(ampere x seconds)/(Coulomb/mole).

The current efficiencies ranged from 166 Mole ™ to 44 Mole ' for all of the specimens tested.
There is not much difference between the UTB-23 samples that did not receive the surfactant
enhancement, and the UTB-24 samples that also did not receive the surfactant enhancement.
This figure shows that the data deviates from the straight line relationship. The flattening of
the current efficiency curve may be due to the increase in ion (in pore water) concentration
as a result of the solution of naturally occurring minerals (aluminum, calcium) bound to the
clay mineral surface, or the mobilization of charged contaminant molecules. The increase in
ion strength increases the participation of electromigration to the overall electrokinetic flow.
The increase in the curve slope is due to the decrease of ions in the pore water. A decrease
in ion concentration decreases the participation of electromigration to the electrokinetic flow.
It appears that the current efficiency was related to the degree of PAH contamination. The
greater the level of organic contamination, the higher the calculated current efficiency.

Conversely, the lesser the organic contamination, the lower the calculated current efficiency.
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4.3.5 Organic Compound Removal

As outlined in section 3.2.1, the target PAH contaminants which were tracked through the
electrokinetic experiments ranged from two ringed compounds to six ringed compounds. The
targeted compounds were: (1) naphthalene, (2) acenaphthylene, (3) acenaphthene, (4)
Sfluorene, (5) phenanthrene, (6) anthracene, (7) fluoranthene, (8) pyrene, (9) chrysene, (10)
benz(a)anthracene, (11) benzo(b)fluoranthene, (12) benzo(k)fluoranthene, (13)
benzo(a)pyrene, (14) dibenzo(a,h)anthracene, (15) benzo(g,h,i)perviene, and (16)
indeno(1,2,3-c,d)pyrene. Following the electrokinetic tests, the collected soil samples and
collected anode and cathode water samples were analyzed and evaluated against the samples'
starting chemical concentrations. The proceeding table (Table 4-4) presents the molecular
weights and the maximum aqueous phase concenfrations, at room temperature (25°C), of the
target PAH compounds. The values were empirically dertved from the partitioning of PAH

compounds from coal tar samples.

The solubility and the maximum aqueous phase concentrations of the listed PAH compounds
decreases with the mcrease of the compounds molecular weight. In addition to these findings,
it has been demonstrated that the PAH compounds' solubility in water generally decreases as
the compounds' physical structure (number of benzene ring_s) and molecular weight increases.
The efficiency of the removal of the targeted PAHs ranged from a low of 4% removal to a
high of 90% removal. Naphthalene (a two ring compound), the most soluble of the target

compounds, was identified in the electrode chambers as the highest concentration PAH
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compound.

Table 4-4

Molecular Weights and Maximum Aqueous Phase Concentrations

Compound Molecular Weight Maximum Aqueous Phase Concentration, (mg/L) “
Naphthalene 128.2 14 "
Acenaphthylene 152.2 1.4° "
Acenaphthene 154.2 0.3 "
Fluorene 166.2 0.3

Phenanthrene 178.2 0.4 "
Anthracene 178.2 0.07 “
Fluoranthene 2020 0.01 "
Pyrene 202.0 0.1 Il
Chrysene 228.2 0.006

Benz{a)anthracene | 2282 0.0057 "
Benzo(a)pyrene 252.0 0.001

mg/L = milligrams per Liter

44 Gas Chromatography

The results of the analytical investigation using gas chromatography, can be found in
Appendix D. Procedufal blanks were analyzed periodically during the sample evaluations.
Detectable levels of PAHs were not measured in any of the analyzed blanks. Perylene was
used as an internal standard, and was monitored following every sample evaluation. The
detection limits for the target PAH compounds varied from 1 ug/L to 10 ug/L (parts per
billion). As a matter of course, the lower detection limits of the target compounds were set

at 20 ug/L. At a minimum, a three point (a five point curve was often generated) standard
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curve was generated prior to each daily run, to audit the gas chromatographs performance.
The percent recovery of the individual target PAH compounds met at least 90% and not
greater than 110% of that standard’s published value to be considered within acceptable

instrument operating parameters (Personal communication, Restek, Inc. 1992).

The results of the gas chromatography investigations are presented in Appendix E. The data
has been graphed with normalized target PAH concentrations plotted against their relative

location in the soil test cell (anode, center, and cathode).

45  Nuclear Magnetic Resonance Spectra

The results of the analytical mvestigation using Nuclear Magnetic Resonance spectral analysis,
can be found in Appendix F. The spectral results qualitatively support the gas
chromatography results. Tetramethylsilane (TMS) was used as a marker compound in the
mvestigation. The TMS chemical shift is anchored at 0 parts per million (ppm), and is used
throughout the evaluations as the reference peak. Deuterated chloroform was used as the
solvent to prepare the soil samples for analysis. The sharp singlet which appears at 7.25 ppm

is likely the protonated chloroform (CHCL,;) contaminant in the deuterated chloroform.

The original untreated soil sample shows evidence of the aromatic character of absorbed
contaminants (PAHs) with broad bands ranging from the 7 to 8 ppm chemical shift peaks.

The aromatic compounds are found in the anode, the center, and the cathode soil sections of

73




the sample. The spectra also identifies the presence of aliphatic hydrocarbons with peaks at

1 ppm, 1.25 ppm, and 1.5 ppm, which correspond to aliphatic -CH, and -CH,- structures.

In the UTB-23-8/10 sample, ground water alone was used as the pore fluid (permeate).
Following the electrokinetic testing, the anode and the cathode water show no evidence of
aromatic hydrogen bound carbon structures. The single sharp peak evidenced at 1.5 ppm
corresponds to an unknown aliphatic structure. The anode, center and cathode sections of
the test soil all show evidence of aromatic structures (the PAHs) by the bread band at the 7

ppm to 8 ppm chemical shift peaks.

Secondly, the UTB-23-8/10 B sample, which was treated with the anionic sodium dodecyl
sulfate surfactant shows no evidence of PAHs or aliphatic structures in the anode water
sample. The surfactant was introduced at the cathode water chamber of the test cell. The
cathode water shows no evidence of aromatic structures. However, peaks at approximately
1.9 ppm and at approximately 2.25 ppm are detected, which indicates the presence of a long
methylene chain containing hydrocarbon structure. The anode and center soil sections show
evidence of PAHs whereas the cathode extracted soil shows no evidence of any PAHs. Also,

there does not appear to be any surfactant (aliphatic structure) in the cathode soil sample.

Finally, the UTB-23-8/10 C sample was treated with a surfactant and cosurfactant; the
surfactant/co-surfactant was also introduced into the cathode chamber of the test cell. The

spectra shows no evidence of PAHs in the anode or cathode waters. The cathode water does
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show significant evidence at approximately 1.25 ppm, 3.75 ppm, and at the 2.0 ppm shift of
a long chain aliphatic-type hydrocarbon (ie, surfactant, long chain alcohol). The anode water
show less evidence of containing aliphatic hydrocarbons. Both of the anode and the cathode
soil samples both show significant evidence of PAHs, while very little evidence exists for the

presence of PAHs in the center soil section.
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CHAPTER 5
DISCUSSION OF RESULTS
5.1 Introduction

The electrokinetic phenomenon is the term associated with electrophoretic movement,
electromigration, and electroosmosis. In this situation, with the target contaminants Being
essentially uhcharged and non-ionic, the predommant force causing contaminant movement -
is the physical flushing action which accompanies electroosmotic flow. Though PAHs tend
to be msoluble in water, some of the PAH compounds are slightly soluble. Thus the
movement of water through the soil cell carries a dissolved portion of the contaminant. In
;[his research, surfactant and surfactant/co-surfactant were added to the water to solubilize the
PAH compounds. This treatment contributed to the movement of the otherwise insoluble
compounds in the soil system. The addition of a surfactant to the purge waters allowed
electromigration to occur. However, the predomiant mobility of these contaminants is due

to electroosmosis, and the associated dragging.
5.2  Parameters

Theoretically, in a homogeneous porous medium, nonreactive solutes in the aqueous phase

will be carried in the direction of and at a rate equal to the velocity of the native pore water.
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However, there 1s a diversion from the expected path of pore water flow due to hydrodynamic
dispersion. The diversion occurs due to mechanical mixing as the solute/water phase moves
through the soil matrix, and molecular diffusion of the solute in both saturated and

unsaturated soil matrices and water in an unsaturated soil matrix due to kinetic energy.

The ultimate fate of the organic compoumis evaluated in this research with respect to the
subsurface environment, is dependent on the partitioning of those compounds between the
solid phase (soil), the aqueous phase (ground water), and the vapor phase (dissolved and
interstitial space of the vadose zone). The partitioning which occurs between the aqueous and
gas phase is calculated from the aqueous solubility of a substance and the saturation vapor
pressure of the compound. The partitioning between the solid and aqueous phases of PAH
compounds may be estimated by applying two parameters: (1) the hydrophobicity via the
octanol-water partition coefficient, and (2) the measurement of the solid phase hydrophobicity
as defined by the weight fraction of organic carbon to non-organic carbon materials

(Schwarzenbach, et al. 1993).
The octanol-water partition coefficient is used widely in the chemical literature to characterize
the fugacity of the compound to move from it's so termed octanol-rich to water-rich phases.

The octanol-water partition coefficient, K, can be written as (Equation 17):

K, = (Concentration in octanol phase)/(Concentration in aqueous phase)
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The value of K., is unitless. The parameter is measured with low solute concentrations, K.,
being a very weak function of solute concentration. Values of K, are commonly measured
at 20 or 25 °C. Measured values for organic compounds range from 10 to 1(/ (Lyman,
Reehl, and Rosenblatt. 1990). In some cases, as in the instance of a plume of contaminant
being formed, it is helpful to assume infinite dilution. At this point, the dominant factor in the
determination of the K, is the activity coefficient of the individual compound in the water

phase.

Additionally, the partitioning of the organic compound between the aqueous phase and the
vapor phase can be understood by applying Henry's Law constants. The Henry's law constant
Ky is simply the ratio of a compound’s abundance in the gas phase to that in the aqueous

phase, at equilibrium. K is defined as (Equation 18):

Ky = (P/C,) (atm L) (mol™)

In the equation, P, is the vapor phase partial pressure of the solute I, and C, is the solute’s
molar concentration (Schwarzenbach, et. al. 1993). This relationship to the Henry's constant

based on molar concentration, Ky, is (Equation 19):

Ky = (MW)(K;)/10°

where MW is the molecular weight of the solvent, in this instance ground water, and the units
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being cubic meters per mole (m’/mol).

Adsorption is another parameter to considgr when determining the fate of the organic
compounds mn the subsurface environment. Within the vadose zome, organic compounds can
partition by one of three mechanisms: (1) into the immobile solid matrix, (2) the mobile solid
matrix, and (3) the mobile aqueous phase. In this research, the sorption onto colloidal
particles and natural organic molecules was considered to be insignificant. Therefore, the
adsorption of these organic compounds to the immobile soil matrix is considered to be
predominant. Cations and other positively charged compounds can also be strongly sorbed
to the negatively charged surface of these clayey soils. Ion exchange will cause desorption
of these ionic species. The generation and propagation of an acid front through the soil will
cause an exchémge with free H' ions wﬁh the sorbed cations. It is theorized that this is a
primary mechanism for the desorption of cations and positively charged species from the soil.
The ion exchange mechanism is dependent on the surface charge characteristics of the soil,
characteristics and the relative concentration of the species involved, and the availability of
competing organic and carbonate species within the soil matrix (West, et al. 1995; Yin, et al.

1995).

The iso-electric point is defined as the pH at which the chemical (organic) compound has no
net charge. At this point, the compound's zwitterion is at a maximum, and the two ions
balance, causing electroneutrality and no further migration in the soil cell. During this

research, banding of organic material was evident at specific points within the soil column
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after extended treatment times. Whether these compounds were the organic compounds of
interest or were ancillary organic compounds is not known; the rudimentary gas
chromatographic analyses were unable to accurately identify the constituents of the bands.
Regardless, the banding was probably caused by reaching the iso-electric point. If pH control

was followed, ionized organic compound removal from the soil would be enhanced.
5.3  Experimental Results

The results of the electrokinetic tests performed during this work were quite interesting. In
the unenhanced (ground water alone) soil test cells, the PAHs were mobilized toward the
cathode, primarily by the electroosmotic mechanism. Stacking of the bulkier, higher
molecular weight organic species occurs in the soil column as the contaminants move toward
the cathode. The lighter species such as naphthalene, fluorene, and acenaphthylene
electromigrated and were swept electroosmotically to toward the cathode. This has been
shown in samples UTB-23-G1, UTB-23-G4, UTB-23-G5, UTB-23B-8/10, and UTB-24T-
10/12). In the surfactant only-enhanced ground water permeate, the anionic surfactant
sodium dodecyl sulfate was added at a concentration greater the necessary critical micellular
concentration. This allowed the dynamic surfactant-ground water system to encapsulate
much of the unbound PAH material. The PAH compounds generally electromigrated toward
the anode. This was clearly demonstrated in the soil sample UTB-23-S1. In the surfactant
with co-surfactant permeate water (SDS and Butanol), the results indicate that the PAHs |

were moved toward the anode and cathode, away from the center region of the test chamber.
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This split movement was due to the co-surfactant expanding the micelle, and allowing some
of the PAH material to be separated from the micelle encapsulated contaminants.
Electroosmotic flow moved the “free” PAH material toward the cathode, where the micelle
encapsulated material was electromigrated toward the anode. This was demonstrated in test
samples UTB-23-S2 and UTB-23-S3. Movement toward the anode and cathode, out of the

center region of the soil cell was very dramatic (Appendix F).
5.3.1 pH Profiles

The pH distribution in the test cell soils and in their electrode chambers are presented in the
figures found in Appendix C. As expected from the dissociation of water, and the
reduction/oxidation (redox) occurring at the electrodeé due to electron transfer, the anode
chambér fluid is acidic (pH ranging from 2 to 3) and the cathode chamber fluid is alkaline (pH

ranging from 10 to 11).

In all of the test soil cells, a pH gradient developed from anode to cathode following an
increasing trend (from a pH less than 7, to a pH greater than 7). The soil pH in the anode'
region of the soil cell did not drop to the low values in the anode chamber, but stabilized at
approximately pH = 5. This is due to the buffering capacity of the soil, and the cell fluid
movement away from the anode toward the cathode. This movement impedes electron
transfer in the anode region. The soil pH in the cathode region did reach the higher values

seen in the cathode chamber, ranging from pH 9 to pH 12. Researchers Lindgren, Probstein,
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Acar, and Pamukcu have recognized the need for pH control to more effectively transport
inorganic as well as organic constituents through soil matrices. In experiments conducted at
the Sandia National Laboratories, Lindgren, Mattson, and Newhart demonstrated that pH
control does in fact enhance transport of inorganic species through soil matrices. The
buffering of the anode soils contributed to the PAH movement from the anode region to the
cathode region. The addition of the surfactant caused an overall increase in the soil's pH.
Since the CMC was exceeded, the binding sites on the soil were occupied by the excess
surfactant, causing the soil to lose it's buffering capacity. Additionally, Grube (1992) stated
that surfactant molecules could replace the available ions on the clay surface, thus causing an
increased pore space and increased permeability because of a decreased hydraulic radius of

the clay.
5.3.2 Conductivity

During the electrokinetic tests, the resistance was measured along the cell at the intervals:
anode-P1, P1-P2, P2-P3, P3-cathode. A “peak” of resistance was observed at the anode-P1
and P3-cathode intervals; the anode-P1 peak being sfronger (greater resistance). The initial
peak at the ahode-Pl interval is attributed to the initial conditions of the experiment. The
porous frits used to separate the soil from the anode and cathode chambers is unsaturated and
therefore is more resistant to electrical current flow. At the beginning of the electrokinetic
test, dissociation of the permeant fluid has not occurred, and therefore the conductivity within

the soil does not increase until the hydrogen ion (H") at the anode end, and the hydronium ion
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(OH) begins to flow mto the soil matrix, reducing the resistance (the reduction of the “peak”
over time) within the soil. In soil cell UTB-23-A2, the anode-P1 and P3-cathode resistance
was equal to or less than that of the soil matrix’s resistance. This is attributed to the higher
initial soil moisture content than other samples, and the greater initial concentration of ions

in the soil water.
5.3.3 Energy Expenditure

Based on the observation that the majority of the PAH transport is due to electroosmotic
flow, the dependence of contaminant movement to applied charge is minimal. Current flow
is necessary to cause electroosmotic flow, but due to the nature of the PAH compounds,
electromigration and electrophoresis are not the domant force transportmg the
contaminants. In the case of the surfactant/water system, dependence on electromigration and
electrophoresis is greater, but relatively insignificant. In soil test cells UTB-23-G4, UTB-23-
S3," and UTB-24T-10/12, the resistance was greatest in the interval anode-P1, followed by
the interval P3-cathode. The resistivity in the intervals P1-P2 and P2-P3 equilibrated
following the 24 hour period, remaining constant throughout the period of electrokinetic
testing. This data coupled with the chemical analyses indicate that electromigration and

electrophoresis were minimal; electroosmosis was the predominant transporting force.
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In soil test cells UTB-23-G5, UTB-23-S1, and UTB-23-A2, the resistance within the soil
mncreased where PAH concentrations were decreased. In UTB-23-GS5, the resistivity in the
anode-P1 interval increased during the electrokinetic test; in UTB-23-S1, the resistivity in the
P1-P2 mterval increased during the test; m UTB-23-A2, the resistivity in the P1-P2 and P2-P3
mtervals increased during the test following the introduction of the surfactant/water system.
The increase in resistivity in the soil treated with the surfactant suggests that the surfactant
exchanged with the available charged species sorbed to the surface of the soil matrix,
mobilizing the charged species, leaving a no net charge void on the soil surface. This would
" localize the increase in resistivity. The chemical analyses of these soil intervals showed a
decrease in the PAH concentration in these intervals. Furthermore, the chemical analyses of
the UTB-23-G5 and UTB-23-S1 intervals with increased resistivity revealed overall PAH
removal. This is attributed to the dissociation and subsequent ionization of the organic
species, allowing electroosmosis to sweep the fragments, or daughter products through the
soil matrix, and allowing limited electromigration. Dissociation would need to be to a level
allowing the newly formed species to be small enough or, with the addition of a surfactant,

“slippery” enough, to disallow size exclusion.

The increase in measured electrical resistivity suggests that one of the following: the removal
or the neutralizaﬁon of the charged surface species, the removal of or the electroneutrality of
the charged species carried in the aqueous phase, or a decrease in the availability of the carrier
which in these experiments is water. De-watering will also create a physical barrier to current

flow, thus increasing resistivity through the matrix.
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5.3.4 Efficiency of Organic Compound Removal

The target PAH contaminants which were tracked through the electrokinetic experiments
ranged from two ringed compounds to six ringed compounds. The targeted compounds
were: (1) naphthalene, (2) acenaphthylene, (3) acenaphthene, (4) fluorene, (5)
Dhenanthrene, (6) anthracene, (7) fluoranthene, (8) pyrene, (9) chrysene, (10)
benz(a)anthracene, (11) benzo(b)fluoranthene, (12) benzo(k)fluoranthene, (13)
benzo(a)pyrene, (14) dibenzo(a,h)anthracene, (15) benzo(g,h,i)perylene, and (16)
indeno(1,2,3-c, d)pyrene. The removal efficiency of the target organic compounds were
assessed by comparing the soil’s mitial individual PAH concentrations (initial conditions were
assumed to be a homogeneous PAH mixture across the tested soil sample), against the
concentrations detected in the soils following the electrokinetic testing procedure. The three
distinct intervals of the soil cell were evaluated, m the chemical evaluations, following the
cessation of the tests. The anode mterval, the center interval and the cathode interval. Also,
the anode and cathode chamber fluid was periodically collected from the cathode chamber
during the tests, and from the anode and cathode chambers following the electrokinetic
testing. This was also analyzed for the target PAH compounds. Table 5-1 summarizes the

results of the electrokinetic tests.
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Table 5-1

Pre- and Post Electrokinetic Treatment Concentrations and Mass of PAHs Measured in the Soil

Sample Initial + Anode * Center * Cathode * Initial Final Final Percent
ID Soil + Soil+ | Water+ | Removal

UTB-23-Gl 2,851 580 1,605 2,811 307.6 176.4 0.005

UTB-23-G4 3,037 2,243 3,038 3,093 327.7 314.5 0.02

UTB-23-G5 4,584 | 676 643 3,749 461.5 117.4 0.07

UTB-23-S1 | 4,584 755 492 2.8 483.2 47.9 6.5

UTB-23-82 4,548 598 2,771 1,472 450 215.2 57.2

UTB-23-S3 5,980 2,393 1,735 847 631.4 179.2 ND

UTB-23-A2 1,580 1,455 12.7 493 2123 44.8 0.02

UTB-24B-8/10 105.9 56.6 26.4 39.2 17.1 54 0.004
UTB-24T-8/10 105.9 22.6 41.2 223 16.7 3.8 0.006

* = Total PAH concentration in soil (mg/Kg)
+ = Total PAH calculated mass (mg)

ND = Not detected

The greatest concentration of PAH in the fluid collected from the cathode chamber was
naphthalene. Due to the relative high solubility of naphthalene in aqueous systems, this was
expected due to the predominance of the electroosmotic flow through the soil matrix.
Presented in section 4.3.5 of this document, are the maximum aqueous phase concentration
of the target PAH compounds. It has been shown that the solubility of a solute in water (X,),

is inversely proportional to K, (Lyman, et al. 1990).
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The figures which pictorially describe the following test cell results are presented as bar
graphs and line graphs. The first graph describes the initial PAH concentrations in the soil,
followed by the resulting PAH concentrations in the anode, center, and cathode intervals.
The second graph chzﬁts the individual PAH compound concentrations following the
electrokinetic testing procedure, normalized to their initial concentration, as a concentration

profile along the soil cell, from anode to cathode.

The figures in Appendix C present the distribution of the targeted PAH compounds in the soil
test cells UTB-23-G1, UTB-23-G4, and UTB-23-GS5, respectively. In the three test cells, in
which the permeate fluid was synthetic ground water, overall the target PAH compounds
were mobilized toward the cath;)de interval of the soil cell. Test cell UTB-23-G1 passed
approximately 2.4 pore volumes (from the anode to the cathode) of permeate fluid during the
test period. Test cell UTB-23-G4 passed approximately 5.8 pore volumes of permeate fluid
during the test period, and test cell UTB-23-GS5 passed approximately 9 pore volumes of

permeate fluid during the test period.

In soil test sample UTB-23-G1, the concentration of the majority of the PAH compounds
increased from the anode toward the cathode interval. This suggests that these compounds
moved under the influence of the electrokinetic force.  Benz(k)fluoranthene and
Dibenzo(a,h)anthracene appear to have been mobilized preferentially toward the anode.

Fluoranthene mobilized from the anode to the center and stacked in the center interval.

87




In soil test sample UTB-23-G4, the concentration of the majority of the PAH compounds
again increased from the anode toward the cathode interval, though stacking in the center
interval was the common occurrence. Benzo(a)pyrene appeared to be preferentially stacking
at the \enfer mnterval. Again, the benz(k)fluoranthene appeared to move preferentiaily toward
the anode. Naphthalene moved away from the center of the soil sample, toward the cathode

interval of the sample.

In soil test sample UTB-23-G5, PAH compounds were again mobilized from the anode to the
cathode interval of the soil test cell. Approximately 9 pore volumes of permeate was moved
through the cell during the test period. Interestingly, many of the target PAH compounds
moved to toward the anode, more so than in the previous tests. The concentrations of
acenaphthene, fluorene, chrysene, and fluoranthene were greater in the anode interval than
the center interval, suggesting that: (1) movement from the anode interval was inhibited due
to the soil’s buffering capacity, (2) due to strong chemical adsorption occurring at the anode
interval, these organic compounds were physically stabilized into the soil matrix, (3) the
anode interval becomes more acidic, with a greater number of protons in the interval,
electrostatically attracting the pi-electron rich organic compounds toward the anode, or (4)
because the PAH compounds are electron rich, electromigration may influence the negatively

charged portion of the compound, pulling the PAH compound toward the anode.
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The figures in Appendix C present the distribution of the targeted PAH compounds in the soil
test cells UTB-23-S1, UTB-23-S2, UTB-23-S3, and UTB-23-A2, respectively. In the test
cell‘ UTB-23-S1, the permeate fluid was surfactant and synthetic ground water, introduced
into the test cell through the anode chamber. In test cell UTB-23-S2 and UTB-23-S3, the
permeate was surfactant with a cosurfactant and synthetic ground water, introduced to the
test cell through the anode chamber. In the test cell UTB-23-A2, the permeate fluid was
surfactant and synthetic ground water, but introduced into the test cell through the cathode

chamber. Test cell UTB-23-S1 passed approximately 6 pore volumes (from the anode to the

cathode) of permeate fluid during the test period. Test cell UTB-23-S2 passed approximately

6 pore volumes of permeate fluid during the test period, test cell UTB-23-S3 passed
approximately 6 pore volumes of permeate fluid during the test period, and test cell UTB-23-

A2 passed approximately 6 pore volumes of permeate fluid during the test period.
5.4  Nuclear Magnetic Resonance Spectra

The NMR spectra generated during this research project support the observations and
conclusions reached by evaluating the gas chromatography results. Qualitatively, the PAHs
are present in the all of the sectioned soils when the ground water permeate alone is used in
conjunction with the applied electric field. When a surfactant enhanced ground water
permeate is introduced into the cathode chamber, the PAHs are (presumably) enveloped and
move toWard the anode chamber. When the surfactant with a co-surfactant is introduced into

the cathode chamber, the PAHs move toward the anode region and the cathode region of the
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test cell, with an elimination of the aromatic material from the enter portion of the test cell.

55  Stacking

Stacking is a capillary electrophoretic phenomena, where ions in a large injection plug are
compressed into a narrow band. During the experimentation, the permeant (ground water)
is mjected at the anode end of the test cell. The electric field imposed over the soil cell is high
due to the resistance of the injection solution. Using cations as an example to illustrate the
stacking affect, electrophoretic mobility occirs in the direction of the negative electrode, the
cathode. As the cations migrate from the injection zone, through the background electrolyte
concentration in the soil cell, the cations become exposed to the lower electric field in the
background electrolytic solution. This lower electric field causes the migrating cation velocity
to decrease relative to the cations remaining in the injection zone. Those remaining cations
continue to migrate a relatively high velocity. As a result, the ions compress or stack into a
band at the front of the imjection zone. Below is a visual example of the stacking

phenomenon.

At the cathode, anions are migrating toward the anode. The movement is retarded due to the
elctroosmotic flow from the anode to the cathode. The result is that the stacking occurs at

the rear of the injection zone.
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5.6  Isoelectric Focussing

The isoelectric pomt is the point where the pH of the environment causes ions to experience
zero charge on the surface of the ion. The net adsorption of an acid or a base gives a surface
charge on an ion, varying from the actual surface charge by some constant. This constant will
vary with the pH at which the adsorption is measured. In cases where metals exist in the
permeate or soil media, there can be complex pH effects if the inorganic compounds are

hydrolyzable (Adamson 1990).

The banding effect which was observed in many of the soil samples following the
electrokinetic testing may be due to in part to isoelectric focussing. Stacking which was
previously discussed, may physically retard fluid movement through the soil matrix. This
would disallow osmotic flow of uncharged species, and contribute to the broadening of the

stacked bands, which has been observed.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1  Summary

In summary, the electrokinetic movement of the target PAH compounds through the collected
soil cores appeared to be driven by electrochemical reactions. The advancement of a band
of organic material was visual evidence in the majority of the treated soil samples.. The
chemical analyses suggest that movement of the PAHs did occur within the soil matrix. It has
been postulated that stacking and isoelectric focussing are the physical/chemical forces

responsible for these observations.

The mass of the PAHs in the flud samples collected from the anode and cathode chambers
was lower than one would expect based on the soil's mass removal calculations. The low
aqueous solubility of the targeted organic compounds inevitably contributed to the reduced
removal via electroosmotic flow. Precipitate was often present in the electrode chambers, as
well as the presence of a "oily" sheen. The precipitation was probably due to the formation
of aluminum and calcium hydroxides, and in part due to degradation of the carbon electrodes.
The sheen and the precipitation were not collected and analyzed for the target PAH
compounds. In addition, the glass frits which held the soil in the test chambers were often

stained with a dark material. An additional source of mass removal error may also lie in the
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carbon electrodes themselves. Organic carbon adsorbs many organic compounds, and may
have been a sink for the PAH compounds. It is very plausible to believe that these non-

analyzed sources may contribute to the mass removal errors.

The greatest removal of PAHs was observed in sample UTB-23-S1. For this electrokinetic
test, the anionic surfactant sodium dodecy} sulfate was incorporated into the cathode chamber
flud. Ignoﬁng the surfactant enhanced data, the removal efficiency of PAH compounds is
directly proportional to the volume of permeate fluid which flows through the test cell. There
i an exception to this observation in the data from test sample UTB-23-G4. Though the data
suggest that the PAH compounds are moving toward the cathode end of the test cell in
sample UTB-23-G4, low removal is suggested. The low mass removal may be due to: (1)
inhomogeneity of the initial soil core, (2) the banding of PAH compounds outside of the
collected, and therefore non-analyzed soil sample, and (3) the movement of the PAH
compounds through the soil cell into other sinks, such as the precipitate, the frit, and the
carbon electrodes. The mass removal data for samples UTB-23-G1 and UTB-23-GS5 suggest
that PAH compounds are moved through the contaminated soil samples, predominantly by

electroosmosis.

Table 6-1 presents the percent reduction data for the analyzed soil samples.
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6.2 Conclusions

When technical feasibility of other remedial options prohibit their use at both organic
compound and inorganic compound contaminated soil and ground water sites, electrokinetic
remediation may be a viable alternative to treat the affected media. The technology has been
suz:cessﬁllly demonstrated on the bench and field scale to remediate soils contaminated by
mnorganic species. This work demonstrates that at the bench-scale, organic compound
movement can be accomplished with this technique. Electrokinetic remedial techniques have
taken significant forward strides through research and development at many laboratories
through the world. With continued research into permeate enhancement techniques, pH
control, surfactant/soil interface reactions, and methods to disallow precipitation and stacking
in the soil matrix, electrokinetic movement of organic species will be a valuable remedial

technology in the twenty first century.
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TABLE 6-1

Average Percent Reduction of the PAH Compounds Concentration in Electrokineticalty Treated Soil Sampies

—
COMPOUND | UTB UTB | UTB UTB UTB UTB UTB UTB UTB
23- 23- | 23- 23- 23- 23- 23- 24B- | 24T-
Gl G4 | G5 S1 S2 S3 A2 8/10 10/12

Naphthalene 34 64 64 78 23 86 79 71 77
Pyrene 3t - 64 83 34 59 79 73 77
Acenapthylene | 30 - 92 100 - 79 85 67 74
Acenapthene 3 - 57 95 55 85 55 74 66
Fluon;.ne 33 - 74 86 42 79 82 68 71
Phenanthrene-- | 27 - 71 100 71 83 77 67 66
Anthracene 79 - 100 100 35 92 75 66 73
Fluoranthene 83 - 58 78 25 75 77 62 -
Benz(a) 16 - 75 82 51 - 85 66 73
pyrene

Benzo(a) 24 - 45 84 36 39 83 74 88
anthracene

Benzo(b) 24 - 83 100 93 88 75 75 88
fluoranthene

Benzoghi) |17 |8 B |BDL |BDL [92 |78 |74 |70
perylene

Benzo(k) - - 82 92 68 100 26 77 88
fluoranthene

Chrysene 20 - 34 57 - 91 85 29 87
Dibenzo(a,h) 73 - BDL |BDL |BDL |91 97 64 88
anthracene

Indeno 17 - 79 100 100 93 78 65 86
(1,2,3<,d)
L———‘EL-_C =
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TABLE 6-1

Average Percent Reduction of the PAH Compounds Concentration in Electrokinetically Treated Soil Samples

COMPOUND | UTB UTB | UTB |[UTB {UTB |[UTB |[UTB |UTB |UTB | %'
23- 23- | 23- 23- 23- 23- 23- 24B- | 24T-
Gl G4 Gs S1 S2 S3 A2 $/10 10/12

Naphthalene 34 64 64 78 23 86 79 71 77

Pyrene 31 - 64 83 34 59 79 73 77

Acenapthylene 30 92 100 - 79 85 67 74

Acenapthene 3 - 57 95 55 85 55 74 66

Fluorene 33 - 74 86 42 79 82 68 71

Phenanthrene | 27 - 71 o {77 83 77 |67 66

Anthracene 79 - 100 100 35 92 75 66 73

Fluoranthene &3 - 58 78 25 75 77 62 -

Benz(a) 16 - 75 82 51 - 85 66 73

pyrene

Benzo(a) 24 - 45 84 36 39 83 74 88

anthracene

Benzo(b) 24 - 83 100 93 88 75 75 838

fluoranthenc

Benzo(g,h,i) 17 8 BDL | BDL BDL | 92 78 74 79

perylene

Benzo(k) - - 82 92 68 100 26 77 88

fluoranthenc

Chrysenc 20 - 34 57 - 91 85 29 87

Dibenzo(a,h) 73 - BDL | BDL |BDL |91 97 64 88

anthracenc

Indeno 17 - 79 100 100 93 78 65 86

(1,23<,d)

yrene

95




! = Percent Reduction
- = Indicates no removal for which the average concentration is higher than the mitial concentration of the compound

BDL = Below Detectable Limits

6.2.1 Recommendations for Further Studies
Recommendations for further study include:

. Evaluate to the soil following the electrokinetic testing in more depth by slicing and
chefﬁicaﬂy evaluating more than three cross sections;

. Evaluate chemical treatments to solubilize precipitates within the soil column;

. Evaluate pH controls to enhance PAH movements through the soil column;

J Evaluate other surfactant / co-surfactant systems, with the goal of tightening the
micelle rather than disrupt and expand the micellular envelope;

. Evaluate the geochemical reactions occurring between the organic compounds and

the surface of the clay matrix.
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APPENDIX A

SAMPLE GAS CHROMATOGRAPHY PLOTS
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DATE (MOs» DAYy YRI=? 01, 27» 93
TIME <24 HR CLOCK: HHMM)=? 1404

THFESHOLD 9O

WALYE 5 OH

YEH TENP INITIAL VALUE 220
DVEN TEMP IHITIAL TIME 3
JVEH TEMP PRGH FATE 8
OYEH TENMP LIMIT 305

NYEH TEMP FINAL YALUE 399
QYEN TEMP FINAL TIME 55
IHJ | TEMP 220

DET 1 TEMP Z0@

OYEM TEMP EQUIB TIME 1
ATTH 2195

CHAFRT SPEED .1

LIET

OYEM TEMP=173°C SETPT=220°C LIMIT=305°C
EQUIB TIME = !.0Q MIN

QYEH TEMP FROFILE: (ANNOTATION OFF)
IHITIAL VALUE = 220°C
INITIAL TIME = 3.90 MIN
LEWEL 1
PRGM RATE = 8.90°C/MIN
FINAL YALUE = 300°C
FINAL TIME = S5.80 MIN
FOST YALUE = 229
POST TIME = 729

DET 1 TEMP=116°C SETPT=300°C LIMIT=485°C
DET 2 TEMP=@°C SETPT=50°C(OFF)> LIMIT=405°C
INJ 1 TEMP=97°C SETPT=220°C LIMIT=405°C,
INJ 2 TEMP=@°C SETPT=58°C(OFF> LIMIT=405°C
AUX 1 TEMP=8°C SETPT=S8°C(OFF) LINIT=405°C
AUy 2

TEMP=0°C SETPT=S@°CCOFF) LINIT=485°C
- .

DEVICE 2: GC TERMINAL 1
<IGHAL = B
FLOT = 727 -
CHART SFEED = 0.19 CM/MINM
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ATTN = 213
%0FFSET = 10
ZERO = 0.080

DETECTOR B: FLAME IONIZATION
CALIBRATION: H=8 L1=0 L2=8

YALYES:
YALVE 1 = OFF
YALVE 2 = OFF
YALVE 3 = OFF
YALVE 4 = OFF
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YALVE 6 = OFF
VALVE 7 = OFF
YALVE 8 = OFF
YALVE 9 = OFF
VYALVE 10 = OFF
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PEAK WIDTH = 0.04

AVAILABLE MEMORY (BYTES): 25280
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§SEVid7 FLNS .
cﬂh§3 SPEED + 9.20 CM/MIN
o 21.09
24,92 '
‘iﬁ
_Fpugbjgge = 31.82 MIN )
RUN TIME = 63.45 MIN
Lhe3 S230A MANUAL INJECTION @ 14:36 JAN 27s 1993
AREA &
FT AREA TYPE  AREA %
1.54 0.47 BB 3.231 !
1.80 0.21 BB 1.472
21,09 11.85 BP 81.943
24,92 0.22 BB 1.522
32.55 1.7t BB 11.832
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1} = ! ?
— — 5:9¢
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.21 7.54 . 7.67
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=¥y 10.99 11.69
- 14:33%
) 13.9F6.98
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39.11

L 46:33

Khe3 5830A MAMUAL IHJECTION @ 15:42 JAN 27s 1993
AREA X :

RT AREA TYPE AREA %
1.04 1332140.00  BY 95, 852
2.28 16118.40 VB 1.155

4,03 5394,33  BY 0.336
4,32 2442.33 V¥ 8.676
5.27 S5660.08 VB © 9,405
7.21 20.28 BB 9.001

~7.54 1884.17  BY 0.135

ST.67 4703.20 VB 0.337
a,61 57.44 BB 9.004

-10,99 2002.70 BV 0.143
11.45 38.45 VY 0.093
~11.69 2320.40 VWV 0.202
14.94 e.,92 BB 0.001
15,33 @.16 BB 0.9060
15,93 1144,04 BY 0.082

~16.08 2153.62 VB 0.154

-22,32 2830.24 _ BY 9.203

23,90 0.0F7 BB ~ 0.000

~24,54 1207.97 BY 0.987
29,74 0.05 BB 0.1900
33.95 0.96 BB 0.900
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13,11 1062.17 BV 9.076
42,93 20.75  BY 9.001
50,43 21.87 VB 0.002

TOTAL RREA = 1396059.00
MULTIPLIER = |

R X

Ok UTD 2l gl <3 (olaw uﬂ

14,33

18.88

21.05

RUN TINME 48.89 MIN

RUN TIME S4.91 MIN

- .

Khrl S830R MANURL INJECTIOQ @ 16:45 JAN 27+ 1993
RREA ¥ :

FT ARER TYPE ARER
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6.5 1.24 v U WYY

0.81 2.23 P8 0.900
.22 0.26 BB 9.000
1,91 2497366.00 PV 99.998
4.03 13.92 B8 0.9001
4.32 15.36 PB 0.e01
5.23 17.08 BB 0.001
14.31 0.66 BV 0.000
14.35 0.24 B 0.000
1€.32 ©.06 BB 9.900
21.05 0.93 B8 0.900
Rl 0.17 8B 0.090
TOTAL AREA = 2437409.00
MULTIPLIER = 1 W0uL  Umb-2l-%flo ~6  CAMWE (uf. '
l N.%7

r
4
ro
(4]
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60.38

Xherl S883A MAHUAL THJECTION @ 17:42 JAN 27, 1993
RRER

RT ARER TYPE ARER %

1.02 2364220.00 Be 190.000
24.23 .09 BB 0.000
12,31 .09 BB 0.000
42,45 8.06 B8 0.000
50,38 0.07 B8 0.900
TOTAL AREA

2354220.00
t

MULTIPLIER
QYEH TEMP IHITIAL VALUE 49

PRGE
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la.2¢ v.19 Y-} o242

17.36 8.13 BB 2.288
20.43 5.28 BB 89.912
26.32 6.14 BP 2.384

TOTAL AREA = 5.87
MULTIPLIER =

OYEH TEMP LIMIT Zo0

OVEN TEMP FINAL VALUE 27S
OYEN TEMP PRGM RATE 8
OVEN TEMP FINAL YALUE 275
OVEN TEMP FINAL TIME 35
OYEN TEMP INITIAL VALUE 48
OVEN TEMP IMITIAL TIME 4
"'OYEM TEMP INITIAL TIME S
LIST

OYEN TEMP=40°C SETPT=40°C LIMIT=300°C
EQUIB TIME = 1.00 MIN

OVEN TEMP PROFILE: CANNOTATION OFF)
INITIAL VYALUE = d4@°C
INITIAL TIME = 5.80 MIN
LEVEL 1
PRGM RATE = 8.00°C-MIN
FINAL YALUE = 275°C
FINAL TIME = 35.00 MIN
POST YALUE = 227
POST TIME = 2922

TEMP=220°C SETPT=220°C LIMIT=485°C
TEMP=8°C SETPT=08°CCOFF) LIMIT=4@5°C
TEMP=158°C SETPT=150°C LIMIT=405°C
INJ 2 TEMP=8°C SETPT=50°CCOFF) LIMIT=4085°C
JAUX 1 TEMP=B°C SETPT=58°C(OFF) LIMIT=405°C
‘AU 2 TEMP=8°C SETPT=50°C(OFF> LIMIT=405°C

DET
DET
INJ

AV AV ol

DEVICE 23 GC TERMINAL 1
SIGNAL = B
PLOT = 227
CHART SPEED = 0.20 CM/MIN
ATTN = 215
%ZOFFSET = 10
ZERO = 19.72

DETECTOR B: FLAME IONIZATION
CALIBRATION: H=147735@ L1=1407200 L=1406990

YALVES:
VALVE 1 = OFF
VALVE 2 = OFF
VALVE 3 = OFF
VARIVF 4 = OFF
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THP
FERA

XK

ave

ave

IYE

IvE

NYE

THJ

DET

[HJ

I[HJ

nET

IET

————oHBARQIBREED 4 .50 CM-MIN

VHLVE
VALVE
VALVE
VALVE 1
VALVE 1
VALVE 1§

ESHOLD
¥ WHIDTH

ILABLE
H TEMP
H TEMP
H TEMF
H TEMP
H TEMP
1 TEMP
1 TEMP
I TEMF

1 TENP

I TEMP 2

1 TEMP

8
9
0
1

2

[~

=g

MEMO

ure
OFF
OFF
OFF
OFF
OFF

.04

RY

(BYTES)1 25024

IHITIAL VALUE 40

IHITIAL TIME S

LINMI

FINR

FINA

T

(473

0] 14 raem

L TIME 35

L YRLUE 250

229

259

Ve
e

5
15.-‘:&

15.28

20.07

[ AL
o]
£ =N

= ———— ool

habme
mz%; C)

~t

20.5¢

@  2-chloro nupthalens

- -

(D nsencobBhy ne
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—_——

. em—ritrr—— ey —— ) )
IRE] ® acnmiene ST
(\ @36 /28,13

et

28538 (5) /‘M ;"
[iéi;?é’ Flabene
k{: N - - '
=-"39.83 ‘Q Latnanthrene __ougu av | MLl 3{437
?@;Ihmtl’\t
34.22(9
36.78
t’— .38.24
OVEH TEMP 1 FINAL TIME + 45,00 MIN

RUH TIME = 64.69 MIN

\

— ==_ 69:78roP RuN (© ndno Uaz-<t)py
- ~ ) @ dikng (8,h) g bheactne.
CheY S860A MANUAL INJECTION @ 13:36 JAN 4, 1993
AREA %
RT AREA TYPE  AREA X
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0.36 2B.67  BY G.v04

0.49 1.91 BP 0.000
0.57 11,15 PV 2.000
0.68 180.71 VP 0.003
0.29 2524950.00 PV 47,247
2.94 2596680.90 WV 48,590
4,31 6613.41 WV 0.124
5.75 416.45 BB 0.008
5.55 462.69  BP 0.009
a, 1 125.02 BB 0.002
a,47 126.21 B8P 0.002
1.91 33.15 BB 0.001
12.33 10.89  BY @.000
12,60 67.07 WV 0.001
12.75 60.96 VB 0.001
13,29 14,00 BV 2.000
13.49 15.73 V8 2.000
15.28 27.81 BB 0. 001
20.97 4.63 BB 0.000
20.55 30526.38  BY 0.573
22,24 13.42 BB 0.000
23.17 17.77 ©8 0.000
24,33 2.49 BB 0.000
24,97 2.89 BB 2.000
25,24 14,71 BB 0.000
25.39 24617.60  BY 0.461
26.24 49.19 W 0.001
26.43 24378.48 W 0.456
27,56 g.22 BB 0.000
28.13 22207.10  BY 0.416
28.53 $96.92 WV 9.011
29,09 3.61 BB 3.000
29,37 11.31 BV 9.000
29,53 13.67 VP 0.000
0, 44 11.14 BB 0.000
30,23 217,88 B8 0.004
31,29 17836.99  BY 0.334
31.47 19447.60 VB 2.364
33.38 14.96  BP 0.000
13.40 17.64  PB 0.000
33,97 193.46 BB 0.002
34,22 T70.47 BV 0.014
I4.86 18.21 vP 0. 000
36,30 21.14 BB 0. 000
36.78 17929.10 BV 8.319
37.65 346.12 W 0.006
38.24 17817.20 W 0.333
40,91 14.87 BB 0.000
41,51 35.68 BB 8.091
43,67 10.40 BB 2.000
45,34 31.05 BB 0.001
47.13 16,22 BY 9. 000
4782 21,18 VB 0.002
51.23 11791.20 BV 0.219
.34 16307.38 VB 9.305
75.7 307,32  BH 2. 134
TOTAL AREA = 5344080.90 - -
MULTIPLIER = 1 :

GYEN TEMP IHITIAL TIME 3
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-0

Jth-1% - jio

ANGIE SeL @

r 18,37
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~ RUN TIME = 49,50 MIN

Ihpl 58806A MANUAL INJECTION @ 13:84 FEB 24, 1993
AREAR %

RT AREA TYPE AREAR %
8.86 6.28 PV 0.9080
1.00 2419696.00 BV 99,787
2.76 1528.17 vV 0.063
3.27 13.53 BB 8.001
3.61 448,21 8Y 0.018
3.77 850.02 VWV 0.937
4.55 48.64 PV 0.982
4.68° 173.54 VY 8.007
4.87 535.06 VWV 0.822
5.08 201.24 Yy ~ 9.008
5.64 185.77 VY 0.008
6.86 175.86 V¥ 0.007
9.52 384.68 PY 0.016

10.55 29.59 Vv 8.001
11.19 98.97 BV 0.004
11.41 ' 138.86 VB 0.006
11.87 | 17.25 BY 0.001
12.95 - 41.25 BP 0.082
13.2?7 79.43 PV 0.003
13.59 3.59 vy 0.9000
13.99 142.41 VWV 0.206
18.34 8.50 BY 9.080
18.47 14.14 VB 9.00t
TOTAL AREA = 2424860.08@ e T T T
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loue  UTG-23-Fe A Covmy v

r'33.59
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RYKH BTBE RUBS.43 MIN

KhepJ 5850 MANUAL INJECTION @ 13:57 FEB 24» 1993
RREA X%

RT AREA TYPE AREA %
1.061 2164930.96 BY 99,794
2.77 1448.96 Vv 0.069
3.29 16.30 BB 0.001
3.61 436.55 BV 0.9821
3.78 588.29 VB 0.928
4,55 45.64 PV 0.002
4.68 145.87 WV B.097
4,87 409.37 WV 0.019
5.09 136.04 VYV 0.006
5.64 191.61 BP 8.005
6.86 111.31 PB 0.005
9,51 327.87 PV 9.016

10.32 13.22 BY 0.001
10.52 30.31 VY 0.001
11.09 96,01 BV 9.905
11.24 11.49 v 8.001
11.40 132.24 VB 0.006
11.86 21.35 8vY___ 0.001 )
TT12.47 —— s5.86 8Y ' 0.900
12.94 43.31 BP 0.002
13.26 ° 85.21 PV 0.804
13.57 4.16 VP 0.000
13,98 g1.50 PP 0.004
15.13 30.95 BV 0.001
16.78 3.04 BB 0.000
18.32 - 8.31 BV 0.0080
18.47 17.76 v8B 0.001
33.59 4,04 BH 8.000

_TOTAL AREA = 2109280.00
1

Mt TIODLILD Y
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53.59
0v: STOP RUN

EhpJ 5880A MANUAL INJECTION @ 11:00 FEB 25, 1993
ARER %

RT AREA TYPE AREA %
8.7v0 S.24 BP 0.1300
0.78 1.59 BB 8.000
09.99 2773510.00 BY 39.496
2.75 2727.46 vy 0.098
3.27 380.34 vy 0.914
3.99 752.05 vy 0.027
3.76 1304.35 vy 9.047
4.27 116.32 vB 0.004
4.54 60.795 BY g8.802
4.67 229.93 vy 0.908
4.86 697.13 vy 6.825
S.08 269.09 vV 0.0610
5.25 144,18 vy 0.90S
5.36 129.61 vy 0.905
5.63 269.41 vy 8.9010
6.03 908.25 vy 8.903
6.11 140.01 vy 0.905
6.36 131.56 vy 0.9009S5
6.60 168.24 V¥ 0.0806
6.85 - 4084.83 vy 0.015
.28 195.53 vy 0.9087
7.42 147.50 vP 0.905
7.91 44.88 PY 0.902
8.08 37.35 vy 9,001
8.35 43.42 vy 0.002
8.46 64.07 vy 0.002
8.60 32.59 vy 6.9081
8.99 18.42 BP 0.000
2.14 114.13 PP 8.004

_‘,9.51_____0__,_916.5?“_”PV,“.-__R-B33
9.88 14.41 ve 0.001
10.32 39.69 BY 0.001
10.51 99.91 vy 0.004
16.74 43.70 vB 0.002
11.089 385.59 BvY 8.011
11.23 44,17 vy 0.982
11.39 43¢€.48 Ve 8.916
11.85 85.21 PY 0.003
12.89 29.58 vy 0.001

- 12.32. 6.58 VP 0.000
A - (X1} N nne

g 8ot
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Uth 23-%lo ® meée. L Ot

RUN TIME = 49.73 MIN
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APPENDIX B

MINERALOGY DATA
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JETECTED PEAKS FILE 3-AUB-52 18:40)

APDIT00 Automated Powder Diffractoeeter Svstem |

Listed [ file name 5Y00:64H2J03.BI

Original data file name : S5Y0O:GNH2J03.RD

Sample identification : UTB-23-C

Measurement date/tiae J-AUG-92 17:48

Generator settings 45KV, 0w

Cu alphal,2 vavelengths : 1,58060, 1.54439 fng

Step size, saaple time : 0.030 deg, 0.90s, 30.00 s/deg

Monschromator used t Yes

Divergence slit : Automatic (Specimen length: 2.5 sa)

Analysis program number @ 33

Peak angle range 2,000 - 90.020 deg

kange in D spacing 1.06918 - 44,1372 Ang

Peak position criterion : Top of ssoothed data

Cryst peak width range : 9.00 - 2.00 deg

Minis peak significance : 0.79

Number of peaks in file : 43 (Alohal: 35. Amorohous: 0)

Maxinm intersity 4330. cts, 4810.7 cps

Feak Angle Tip width Peak Backg D spac [/Imax  Type Sian
no {deg) {deg) {cts) (cts) (Ang) (¥) Al A2 0t
14,0875 0.72 10, 216, 21.5997 0.24 X X 0.87
2 8.8300 0.09 0. 135, 10.0065 0.24 X X 0.81
3 12,375 0.3 2. 8. 7.1482 0.9 X X 1.10
4 17.6650 0.3% 37, 92, S5.0167 0,86 X X 1,07
5 1.7 0.15 166, 112, 4,3012 384 X 0,79
6 20.7830 .42 T3, 123, 42702 17,85 X X S.13
7 235106 0.18 %0. 174, 3.7810 2.08 X X 1.05
8 25.3873 0.80 88, 177, 3.50%5 2,04 X X 1.74
9 2513 412 4336. 180, 3.331B 100.00 X X 12.88
10 27,4025 9.09 282. 180, 1.2521 452 X X 1.8a
11 27,9900 .12 441, 182. 3.1852 10.19 X X 2.88
{2 296675 (.18 102, 163, 3.0048 236 X X 1.28
13 32,0800 0.34 {2. 188. 2.7688 ¢.27 X X 0.89
14 34,9650 0.30 196, 1%, Z2.5641 3.1 X X 0.79
15 364775 0.15 437, 156, 2.4612 - 10,09 ¥ X .27
16 3795725 0.3 6. 156, 25919 1,52 X X 0.78
17 0405  9.12 352, 159, 2.2848  B.16 X X 2.4
18 40.2350 0.12 237, 154, .29 S48 X X 1.78
19 42,3850 0.21 29, 159, 2.1308 491 X X 7.08
N HB.NB N 216, 149, 1.9830 4.9 X X 0.78
20 48,045 0% 28, 132, 1.8923 0.5 X X 1.15
22 49,7050 .09 125. 128, 1.B328  2.%0 X X 1.35
21 50,0650 0.12 718, 128. 1.8205 17.98 X X 3.98
24 547875 0.09 303, 144, 16742 699 X X 1.07
2% 99.B850  0.09 605. 144, 1.5433 13.98 X 1.62
26 60,0700 0.09 292, 144, 1,548 4,75 X 0.81
27 61,7335 072 100. 149, 1.5015 23t X X 3.39
28 63,9425 .09 114, 196, 1.4548 2.4 X X 0.95
29 676575 .09 380. 154, 1.3837 8.78 ot 1.16
30 68,2523 9.9 97, 154, 1.370 1149 ot 1.15
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12,0030
73,3730

5.81%5
71,5475
77,8025
8.7975
80,0825
B1.0825
81,4050
81.6825
83.7650
87.4725

0,36
0.12
0.2

0.09

0.09
0.09
0.12
0.12
0.15
¢.18
0.12
0.96

T2,
166.
193.
112,

6.
185.
159.
149.
204,

108,
16.

146,
149,
154,
154.
144,
144,

3.

128,
128.
128,
125,
117,
119.

1.3104
1.2693
1.257
1.2569
1.230¢
1.2296
1,.2009
1.2008
1.1851
1.1812
1.1808
1.1538
1.1142

e NASTRRY

[

-_:-r..xha.z-uu-:—wur.:au.—

yus
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Ict

OO 0 0O = = N WM X

OO0 OO0 QO >~ U WwWhOO

10
.00 1

.05 1
.20 1
45 1
.80
.25 1
.80
45 1
.20
.05 1 ,

.00 7
.05 1
.20
.45 1
.80 1
.25 1
.BO 1
.45 1
.20 1
.05

Sample: UTB-23-C File: GNH2J03.5M 4-AUG-82 09: 17

50.0 60.0 70.0 80.0 90.0 100.0



DETECTED PEAKS FILE J-AUG-92 I3:30

APD1700 Automated Powder Diffractometer System |

Listed D1 file nake 1 5Y00:6MH3705.D1

Original data file name : SY00:BNHIJOS.RD

Sample identification : UTB-23-Cen

Measurement date/time :  3-AUG-92 22:57

Generator settings t kY, 0

Cu alphal,2 wavelengths : 1.54060, 1.54439 Ang

Step size, sample time : 0.030 deg, 0.9%0 s, 30.00 s/deg
Monochromator used 1 Yes

Divergence slit : Automatic (Soecimen length: 12.5 ma)

finalysis program number : 35

Peak angle range t 2,000 - 90.020 deg

Range in D spacing : 1.08918 - 44,1372 Ang

Peak position criterion : Too of smoothed data

Cryst peak width range : 0.00 - 2,00 deg

Minin peak significance : 0.75

Number of peaks in file : 53 (Alphal: 43, Amseonous: 0}
Maxiaum intensity 1 b0BA, cts,  6760.0 cos

Peak  Angle Tip width Peak Backg D spac [/lmax  Type Sign
ne  {deqg) (deg) {cts) (cts) (Ang) (1) Al A2 Ot

I AT 036 34, 210, 20.9342  9.539 X X 0.93
212280 0.3 18, 85. 7.2019 0.2 ¥ X 0.87
KIS Y v 32, 7.5 053 XX 0.83
4 195650 0.1 le6, B3, 433U 2.4 X X 0.95
3 0.1/ 15 6. 83, 42797 1243 X X 6.76
6 2.8479 0.18 239, 83, 40649 42 [ X 4.50
T OBAN 0.9 {77, 83, 3812 L9 X X 1.26
§ 4070 0.3 94, 83, 3.6943 1.5 X X 1.05
9 W 0.0 182, 83, LS8 ¢ X X 1.23
16 26,5125 0.8 5084, 83, 1.2593 10,0 X X 36,31
11 27,3430 .18 234, B3, 2.%8B LB X X 1.23
12 27.8371% 90.12 433, 83, 1.=:E a1 X X 1.02
13 29.23%0 0.18 207, 8. 1058 14 X X J.16
14 29.79% .18 121, 83, 3.004 199 X X 1.10
15 30.6650 0.18 1o, 63, 2,912 181 X X 1.2
16 32,1830 0.3% 27. 8% 2.7 0.4 X X 0.89
17 W80 0,30 243. 83, 25738 L0 X X 1.84
18 36.4125 0.18 593. B84, 2,464 979 X (X 7.59 -
19 32,5275 0.0 112, B3, 2.3947 1.8 X X 0.9
20 .39.3450  0.12 57, 92, 2.2882 9.47 X X 1.
21 404850 6.2 82, 94 22433 444 X X b.61
22 41,593 0.24 &4, 98, Z.189% LOS  X X 0.89
22 R3Z5 015 420, 100, 2.133% 691 X X 3.16
24 45,6100  0.09 306, 106, 1.9849 503 X X 1.02
25 04200 0.48 B, 100, 19212 0.63 X X 0.95
% 48,1700 0.48 3. %, 1.8876 0.59 X X 0.87
21 0.0 6.15 1ts. 90, 1.822% 1834 X 6.76
B 50.13715 909 381, . 1.82% 9.3 X 1.48
23 M0 0.18 357, 112, 1678 5.8 X X 3.5
B [ATS 009 185, 114, L6631 304 X X 0.85
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829.

139.
168,
616,
625,

4.
216,
23,
149,

96.

6.
168,
615,

161,
151,
104,

12,

2
<.

19.

102,
102,
104,

L
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S8R
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N ~4 ~J

,
-
N
288
2
~0

._.._....
':L.:..
SEE
=l

1.1270
1.1149
1.0928

133

+ 13.63
» 8.03
2.9
2.7
« {111
¥ 10.27
0.81
3.5

2.45
1.58
1.05
4,05
3.08
«10.11
x 7.9
2.65
2.89
.1
0.57
0.19
0.3%
0.32
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pel

OO0 OO0 O OO O =

o0 0000000

.49 1
.36 7
.25 1
.16 1

.08 1
.04 1
.01 7

.00 7
.81
.64
.49
.36
.25
.16 1

.09 1
.04 1
.01 7

Sample: UTB-23-Cen File: GNH3J05.5M 4-AUG-82 08 21
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GETECTED PEAKS FILE

J-AUG-92 19:33

APDLT700 Automated Powder Diffractometer Svstem |

Listed DI file nase

: GY00:BNH1J03.D1

Original data file name :

Sample idemtification
Measurement date/time
Generator settings

SY00:GNH1J03.RD
UTB-23-D
J-AUG-92 18:40

: A5k, e

Cu alohal,2 vavelengths :

Step size, sample time
Monochromator used
Divergence slit

Analysis program number @

Peak angle range
Range in D spacing

1,54060,
0,030 deg,
Yes

1.54439 Ang

0.90 s, 30.00 s/deg

: Automatic (Specimen length: 12.5 sa)

Peak position criterion @

3B

2,000 - 90.020 deg
1.08918 - 44,1372 Ang
Top of smoothed data

Cryst peak width range & 0.00 - 2,00 deg
Minim peak significance : 0.79
Number of peaks in file ¢ 4t (Alphal: 35. Amorphous: 0)
Maxiaum intensity i 3014, cts.  334B.9 cos
Peak fngle Tip width Pzak Fackg D spac 1/Imax  Type Sign
o {deg)  (deq) {cts) f(cts) (Arg) (1Y Al A2 0t

1 4,2950 1.4 17, 185, 20.5566  G.56 [ .73
Z 19.4575  0.36 106, 106, 4.5492 352 X (X 2.4
3 20.61%0 0.1 952, 100, 4.3050 18,32 X X 5.01
4 ZLTI00 0.2 {19, 100, 4.0791 394 X X 0.87
5 23.28% 0.3 104, 100. 3.8171 3.4 X X 1.9
b 25025 0.48 102, 100, 3.5951 3.3 X X DR:¥]
7 26,875 0.27 014, 100, 3.3749 100 X X 47.84
8 Z7.19%5 0.9 182, 98, 3.278 6.0 { X 0.78
7 27,4025 (.18 196, 98, .29 &H X X 0.83
10 291200 0.24 i1, 96, 3.0641 5.3 X [ 2.04
11 30.60%  0.15 225, 98, 29187 .41 X (X 3.18
12 346075 0.84 128, 98, 2.5898 424 X X 6.17
13 %297 0.2t 2. 0102, 24T .03 X X 5.01
4 19075 0.2 N, 14, 25959 B K X 6,03
15 40,0323 (.21 123, 114, 2.2 409 X X 2.4
16 42,2235 0.15 07, 1230 21387 1.87 X X 2.82
17  45.53% 0.12 182,  110. 1.9907 605 X X 1.58
18 47.1825 0.3 4, 104, 1.9247 153 X X 1.66
19 48.0830 0.48 45, 102, 1.8907 1.49 X X 1.07
o 49.9025 0.18 590. 94, 1.8260 19.59 ¥ X 6.92
21 S2.15% 0.3 A, 8., 1.7523 0.3 X 0.78
253031 0.% 44, 85, 17352 149 X X 0.87
23 54.6030 0.09 206, 100, 1.67% 747 X X 2.09
4 57.12%0 0.4 2. 114, LAl 088 X X 0.78
% 59.68% 0.12 49, 102, 1.5480 1491 X 2.04
26 59.8975 0.15 269, 192, 1.548 B¢ X 1.02
27 60.4975 0.18 b4, 104, 1.5291 212 X X 0,91
8 41,4200 0.48 94, 104, 19083 312 X X 1.82
X% 63197 0.12 92. 110, 1.4577 306 X X G.85
30 634350 0.80 18, 102, 1.4246 0.1 X X 0.83
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67.4725
a1.975
£8.0950
73.1600
T5.4200
T.4725
19.6900
80.9325
81.257%
83,6030
84.7125

6.09

0.09
0.06
0.15
0.24
0.12
¢.18
0.13
0.24
0.35

433,
480,
488.
210.
142,

52.
196,
130.
185,

2.

2,

92.
8.
Bs.
102,
114,
108.

8a.
84,
B&.
4.
84,

.80~ 14,35

1.3790 * 15.91
1.3792 * 16.20
1.2926 ~ 6.98
1.2593 4.9
1.2310  L72
1.2023 » 6.9
1.1869 431
1.1859 ° 6.4
1,155 279
1.1433  0.73
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CETECTED “EarS FILE

AFDITOY Autsmated Powder Diffractometer Sectem |

Listed [i file name : 5Y00:6B1J02.D1
Oricinal data file name ;' S1001GBIJOZ.RD

Sample 1dentification @ UTB24TB/-10°

Measurament datastime @ 1Z-AUG-92 15142
" Gererator settings P A5V, I mA

Cu 3lohal.l vavelengths ¢ 1.54060, 1.54439 fing

Step zize, sample time 2.030 deg, 0.9 5, 30.00 s/deg

Monochromator used 1 fes

Divergence slit ¢ Autowatic (Specimen lergth: 12.5 me)
Analvsis orogram number ¢ 35 :

Peal. argle range t 2,000 - 90,020 deg

Rangz in D spacing 1 1L.0B91E - 44,137 fing

reib positicr criterion ¢ Tor of smoothed data

Lrest peak wigth rang2 @ .00 - 2.0 deg

Hinim pe3b significance ¢ 0.75

Mumber of p23kz 1n fila ¢ &£ (Alohal: &0, Amorphous: o)
Mavimum ntencity : 4197, gz, 4&i%.s coe

Backg [ spac  flmar  Type Sian
(cts)  (Ang) Y A A2 Ot

0 IS Wi TN B
L1845 5

Y

15 10.1615 3. L 0.7
! O e P I S D 188
12,4425 154, 70082 dek X 3.08
17,4800 Ut 0125 L7 % 1.2
1817 &, 4730 1w {.20
3 19,7100 151, L5 Jed ¥ X 1.5
¢ MTEG 1908, M. 43702 <3 1 13.49
10 20955 sT, 0T, 40T Led v 117
14 22,4525 s, 7, 5.9567 L 1,08
12 3 T, 3.8000 10X 3.67
13 95, 2. 3.6867 Yo 0.87
14 TR, TEL 3EsaR o X 147
15 M0, 7L 36 c100E X 1 2458
15 T4, T3, 20481 415 X 3.3
17 47, 7. AN ¢ o 1.%
g 195, 74, 30060 467 XX .85
3 194, 74, .93 < 43.83 Y ¥ I3.M
2 Ta. 0 T4, LIS LE () 1.97
A 137, M. 2671 A% Y o T.04
o 53, T, LIS 471 (X 1.82
23 37, . L% T XA 1.2
4 0 TS SRR T N N : i G { .77
5 190, %, AR 4% ¢ .89

T6 36l 0B 42, Th, 2385 5T 4 X i
7 ORETE GUAE 32, e, 22852 . 587 Y X 6.3
(TR YOl 1</ O oM, Te, 22407 2N ¥ 1.52
oG 4,082 001 i T TN U SR N T A | 6.31
Y o E U | ST, Th 3T 1135 %X 8.91
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13,6925
44,3200
45,7500
48,0775
49,1200
50,0600
%047
50,9973
Z4.7675
93. 3050
98.8175
39.8525
61,6400
53,3500
63.9025
85,7700
62,9975
67.6125
68,2400
§8.7825
69.3723
73,4173
13,3125
73,6050
74,6550

“3.534%

77,2875
29.7975
50,0475
81,0373
81,3800
Bl e
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-_—  _Measurement date/time

141

JETECTED PEAS FILE 12-RUG-32 1807
APONTCY Automated Fowder Diffractometer System |
Listed Ol file nage 1 SY0):6B2J02.D1
Original dats file name : S5Y00:GBIIVZ.RD
Samnle identification : UTB24E8'-107’
12-AUG-92 17:34
Benerator settings t A5 Y, A -
Cu alohal.2 wavelengths : 1.54060, 1.54439 Ang
Step size, sample time ¢ 0.030 deg, 0.90 s, 30.00 s/deg
Monochromator used ! Yes
Divergence slit + Autosatic (Specimen length: 12,5 mal
Analysis orogram rumber @ 35
" Peak argle range r 2,000 - 90.020 deo
Range in D spacing : 1.08918 - 44.137C éng
Peak position criterion : Top of smoothed data
Cryst peak width ranae ¢ 2.00 - Z.00 deg
Minim peak significance : .79 B
Number of peaks in file ¢ 74 (Alohal: 70, Amerphouss 0
Maxious ntensity : 4186, cts,  4651.C cos
Feak  Argle Tip wicth  Feak FPackg 0 zpac  [fImax  Typ2 Sign
no  (degd  (deg) ickst acts)  (Ang) (XY A1 A2 Ot
{ 14, 193, X,7497 o.M Y (X 1.55
2 ta, 1%, 14,3597 24 1 X 1.32
3 B.BAS0 0.1E 113, 112, 5,98% .84 ¥ X 5.3
21520 0012 M, 7Y OLE8 LS X 7.85
SO 17.TW0 012 5. &2, 4.%X® L X 4,98
5 18,7479 (.18 4, 62, 474 498 X X 1,03
719745 0.3 117, t4, 44927 2.9 (X 3.02
8 1246, W4, 43983, 29.7T7 X X 3.3
¢ 8%, A, 4.251% .93 X X 1.48
10 a4, &b, 47335 153 ¥ X 0.81
1 5. &b, 39606 131 X F .93
1z ¥, 6. 37850 10 X X 1.26
13 108, e7. 3.7023 L% oy 0,78
14 174, 57, 3833 4L X Y 1.4
1% 486, &5, ;10000 X 56,23
15 S, M9, 374630 BOO X X 2.83
7 164, 9. 5.1832 391 ¥ X 1.45
18 462, 7. 3.0248 - 1104 (X 5.89
19 1644, . 29X AN X X 1.7
ot 1544, 71, 2.BB9S - %0 X X 13,79
21 320 03 40, 72, 2,782 0.9 X X .83
2355 0.8 W06, T4 ZeTIL 83 X X 2.69
23 M.4eT5 038 149, 74, L6000 356 X X 1.2
) 222, T4 LUGA93 - 5300 % A 1.58
X 437, 76, L4384 10,42 X X 7.94
3 151, 76, 2,408 381 X X f.74
n 6., T, 2.2827 - B Y X 9,12
| 289, 7T, L.Z36B 19 X 3,2
x OO 2498 83l Y X &.61
J0 I, T 21095 g X X 3.3




K} B VAL B £ &2 T | A PR
32OBTBIE 09 PP NPT Y R - H i | 1.8t
3 448825 0.9 24, 77, 20179 S99 X X 2.00
¥ 45750 0.5 286, TJo. 1.9831 - 682 (X 1.62
E A4 G.18 5. . 17 X X 0.78
B 4SS o8 4k, 36, 116 ¥ X 1,12
37 48,5425 0.4 6. 76 1.45 X X 0.91
B 49.2200 Q.30 9. T 1.89 1 X 2.63
¥ WA 012 93%. Tt 230 10X 3.98
4 50,5400 0,18 12, Ta. 9.84 X X 2.82
40 51033 0,15 30, 75 8.35 X A
42 91,1579 0.9 &6, Th. 63 (X 5.69
41 94275 0.8 B6. 92, 612 X % 3.02
41 35,2850 0.09 137, 94, 321 x X 0.76
45 574875 0.2 ¥, 102, 672 X X 0.8
d 989128 0.4 2. 92 .73 X X 0.95
47 59.903  0.18 W02, 96, ~16.78 X X .4
45 61,6630 0.3 121, 102, 2.8 X X 1.12
47 43,3830 C.24 n. 190, .69 X X 1.26
S0 63,9750 012 121, 10, 2.8 Y X 1,15
8IS 0.4 9. 100, 1.89 ¥ X 0.89
32 66,3635 0.48 4. 100, .04 X X 1.15
53 67330 0.19 128. 100, .05 X 1.07
4 o787 0.9 358, 100, 3.27 L4 0.85
5 681325 0.9 200 100, 12,42 X 0.89
56 68,3175 209 71, o, 11.25 Y 3,83
389U 018 48, 100. .14 1 X 0.83
98 0.4 039 . 98, .69 ¥ ¥ 1.23
56 72937 L2 9. 98, PR S ¢ .91
CUNEIMCIR S S T 0 I {49, 9, R O 10
61 747825 0.3 45, S L1 X 1.2¢
52 TSBIZE G5 A6 90, L6 X .29
E3 THLEOTS 0412 RUTI - <N 216 X .83
s 197950 0.2 K DN TAY 1,70
65 BLOE G2 it P N 5,04 H 1.82
66 91,1325 .12 144, 77, .4 .1z
&7 Bta1zn OB T PO 3.04
65 aZ.68Z5 036 KIS IR O 1.59
69 237 015 a2, 7. L8 X 1,32
BN a2 b, T {.61 { 233
M 36 AR ZN DS S .27
2 S . T INCIEE .81
73 .48 5. 7L a4 Y X 1.0
R .60 g, T S LI S A
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Sample: UTB24B88°'-107°

File: GB2J02.SM

13-AUG-92 08: 45
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JETECTED FEALS FILE 1I-AG-9T IS0

AFDLI00 Autoaated Fowder [iffrictometsr Svsten !

Listed DI file name T SY00:B63T02.01

Original data fila name ¢ 5YOC:GR3JOZ.RD

Sample identificaticn TB247-10°-12"

Measurement date/time 12-AU6-92 18:27

Generator settings 5, 308k

Cu alphal,2 wavelengths : 1.54060, 1,54439 Ang

Step size, sakple time 0,030 deg, 0.90 s, 30.00 s/deg
Monochromator used Tes

Divergence slit Automatic (Specimen length: 12.5 m)

35
2.000 - 9.020 dag

1.08918 - 44,1372 Ang

Teo of smoothed data

.00 - 2,00 deg

()

T {Alphal: &%, Amorphous: O)
762, cts, TA32.7 cos

fAnalysis program number
Peak angle range

fange in D spacing
Peal. pesition criterion
Cryst pzak width range
Minim pest significance
Number of peaks in file
Kavipum Intersity

Faal:  Anale Tip width Feak Backg D zpac [/Imax Tyoe Zian
lang)

o idsq) {deg) (cts) (cts) !Ang % Al A2 Ot
182129 6.2 43, DI U B ¢ [
263150 sa2 jch 859 X % 2,24
312,475 oul 9. KR AR S 4 2.40
4013,7900 004 2, P U | .89
°OREE HeN 2.63 LA { 1.0
5 18,8230 0,u¢ sl.  or. 4711 LD T X 276
B U s 1 e\ 114, 61, 48 2% X% 2.63
g 208125 212 2018, 89, LInd6 44376 X % 15.14
9 22,4425 0.8 b0, 7M. 3.%% I G .17
o 22.957% 4.4 7b. 7. 3,97 (.49 X 1.17
11 22T o1l 185, I PR A U6 3.3 7 1.17
12 74,0800 9,74 EXR T, 3.0978 1,33 Y X 1.13
13 i 23T, 730 A5 48 XX 2.5
! EYURE R R - - B I XX 1.29
{5 s, 1 3.3 L 1000 X1 3.9
16 425, 74, 3.2513 - 8.45 KX 1.78
7 3%, 74, 3.9 > 7.42 X X 1.62
16 310, T, 31697 ¢ sl XX 1,55
1¢ S8, 6. 3033 1062 X X 4,17
sl I, Tho 2.9982 3w x X AT
2t 2601, FEREG - 5 D R P ) | X X 16.22
22 360 0.3 3. 7.OLBIL L2 x X 2.9
230 33.480 G618 164, 70, 20744 323 Y X L3R
3 MM DA 1%, 19, 2,240 3,08 X X 1,79
25 BT 0,09 289, B, 2.6 LW X 1.48
o BT 412 Nz, 8, S,A384 0 T2y X .78
21 364950 W12 g, B, 2401 9.2 K X 3.3
o B RS I b TR NG 7 L N U O § 1.74
eI S s | 45, 85, 2.08% 8’ X X 10,72
U LAY R SO W G N Tk -~ S PO G 2.19
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N
i
kKX
34
k=]
3
3

4

41,1025
42,38%)
43,1575
43,7979
44,8750
45,7750
46,9725
47,5350
48,525
49,2075
50,0850
50,5173
51.0125
54,8025
55,2350
97,8475
58.8725
59.8925
40,0800
60,7125
61,5750
63,4150
£3.9525
65,5950
&b, (879
57,6725
68,070
48,2530

69,347

70,4700
128200
71,3823

465

.2
0.15
0,12
0.12
.21
0.18
0.3)
0.12
0.18
2,09
0,12
0.18
0.15
9,12
0.9
0,36
0,30
0,15
0,06
.18
0.24
0,30
0.12
212
0,24
2,15
0.09
0,09
.42
0,42
.39
7,09
0,30
a0,z
.09
109
0,12
.09
.09
4,09
0,18
.12
e
A2
0,09
0,48
0.18

502

681,
9.

310,
46,
124,
Sa.
7i.
853.
543,
529,
331,
149,
2.

420,
0.
130.
2.
i
8.
.
364,
&0,

62,
102,
104,
{06,

9.

3.

102,
104,
114,
108,

108,
110,
110,
148,
108,
104,
104,
14,
104,
104,
192,

1R,
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2,1943 » 9%
2.1308 x13.44
2,095 1,29
2,067 1.5
2.0182  4.86
1.9806 > 6.11
1.93%  0.91
19113 .39
16746 L1
1.8%02 . 1.53
1.8198 > 16.82
1.8082 * 1071
1.7889 * 10.44
1.6738 * 6.33
t.6617  2.94
1.6023  0.43
1.5%74 1,74
15431 * 15.9
1.94% . 8.%9
1,322 3.9
1,548 2.8
1.4656 1,43
14546 3.49
14318 193
1.4127 L1t
1.3834 + 5,58
1.37%2 - 11.84
1,354 1108
1,354 1.3
13332 .4
1,297 LG
12892 3.8
1.26% 143
1.259  1.92
120368 LS
1,238 1.2
1,293 .1
12004 5
12004 3.69
11§45 2,40
{.1812 - %%
l.ig02  I.B4
1167 L.
11837 +.82
SRR AR
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CETECTED FEAS FILE

ALT1700 Automateg Fowder Diffractometer

Listed 1 file nime
Original data file name
Sasple identification
Me3surement dite/time
Generator settings

Cu 1lphal.Z wavelengths
Step size, s3mple time
Monochromator used
Ivergence slit

4nalysis program number
Feal: angle range

#ange in O spacing

Feak peeition criterion
Cryst peak width range
finin peak significance
Yomber of peabs in file
Maimum intersity

Sistem 1

SY00:6BATIZ. I
5190:GB4JCC.ED
UTB24B-t0°-12"

12-AUG-92 19:19

45KV, 0 eh

1.54%60,  1.54439 fAng

0,037 deq, .90 s, 30.00 s/deg

fes
futomatic (Scecimen lergth: 12.5 ma)

35
2,000 - 90.020 deg
1.08918 - 44,137% fng

IS

Fzab  Anglz Tip width
no  (deg) deq}
{ 0775 1,44
T 60300 G
387G Wl
3154425 a2
S O17.6875 612
4 1E TG G012
7

19,675 L3

3 20,7555 o.12
¢ M9
W LS ol

1 22,97 il
1D 23Amh a0

13 23,95 i1C
14 25,1478 0,12
19 26,5725 ol
168 22400 0,12
17 27,9425 .08
18 29.240% 0,18
1§ 20770 0,18
OG- i SRS )
g BN/ 121 S
A« I S
23 M350 0=

24 348sEr 0
2% 3.5 o018
b 35,987 LS
2T 24900 0t§
3% 13
= w15
3 18

Top of swoothed data
0,00 - 2,00 deg
2.75. .
20 (Alphal: 71, Anorphous: O)
514, cts, 65707 cos
Feak Backe T spac  I/Imax Type
icts) (cis?  (Ang) (H StATot
i
1
Y Y
K I
LAY
& 1,43 0 X
1310, al, 4,278 e 1Y
07, eZ, 4.0438 39l ¥ ¥
79, sl L Y
s, ed, 3.8 152 1 X
142, 58, 370 2,39 Y X
123, &, 3713 L Y ox
56, a4, 205384 433 (X
551t 46, 333181000 (L
67, b, 22328 . B Y g
424, &6, 31905 - 718 X X
1, b, 20416 - T4 X Y
240, b6, 2.9982 406 X X
5. A7, L.8941 (4381 X X
04, &7, .11 18 X X
169, 89, Z.a799 L& X
174, &%, 2.0 299 4 (X
234, &5, 2,57 3% 1t
y &9, 2,48 2 v ot
88, 2,499 .2 L
88, 2464 10T Y X
RATREAE 115 U KT T S §
: TLOZJBXE LM Yy
L3, T3 el v Y
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Sample: UTB24B~-10'-12" File: G6GB4J02.5M 13-AUG-82 08: 4b
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PERCENT FINER
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GRAIN SIZE ANALYSIS |
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GRAIN SIZE ANALYSIS
Sample Code: UTB-23-A1
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PERCENT FINER

GRAIN SIZE ANALYSIS
Sample Code: UTB-24B-8/10
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PERCENT FINER

GRAIN SIZE ANALYSIS
Sample Code: UTB-24B-10/12
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APPENDIX C
VOLTAGE GRADIENT PLOTS
and

ELECTROKINETIC FLOW AND CURRENT PLOTS
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NUCLEAR MAGNETIC RESONANCE SPECTRA PLOTS
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