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ABSTRACT

Removal of Nickel and Lead from Natural Clayey Soil through the Introduction of
EDTA and Coupling Ion Exchange Processes with Electrokinetic Methodology

Asif Choudhury

In clay soils having low initial pH values, electrokinetic transport of heavy metals has
proven to be effective. The transport of these metals is predicated on maintaining a low
pH throughout the cell, which in turn keeps the metals in the pore water phase, where
they are accessible to EK transport. Development of high pH gradients in the cathode
region due to the formation of OH", from the dissociation of water, produces unfavorable
conditions for the transport of heavy metals, namely precipitation.  Standard
electrokinetic methods have not been employed to a great extent in natural clayey soil.
These soils tend to magnify the problems mentioned above and pose several unique
problems related to remediation that currently used techniques cannot overcome. Most
natural clayey soils have inherently high pH values. The use of EDTA, EK methodology
and ion exchange textiles is a new hybrid technique for the enhanced solubilization,
transport and localization of Pb and Ni respectively in natural clayey soils. A four-point
examination of many of the important system properties related to this hybrid technique,
and the effect of the textiles on these properties forms the subject of this thesis. Electrical
parameters, system chemistry, enhanced solubilization and transport of EDTA and EK
methods only, and the overall localization and removal efficiency of EDTA-EK-Textile
experimentation. EDTA-EK methods, without textiles, produced enhanced solubility
and transport of lead and nickel. Using all three techniques, solubility was enhanced and
the localization and removal achieved was in the range of 90-95 % of lead and nickel ions
localized within 10% of the cell. This represents a significant improvement over standard
EK methods (which typically have been applied only to low pH soil) and represents a

viable remediation technique in natural clayey soil.
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“The critical distinction between scientists and engineers is
that scientists study that which is, while engineers create
that which has never been.”

Theodore von Karman
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1. INTRODUCTION
" L.1. Scope of the Problem -

Metals play an important role in the environment. They are necessary for many
biological processes, but are also a major source of environmental contamination. Heavy
metal contamination typically originates from: 1) accidental spills, 2) extensive strip
mining, 3) fume emission and 4) electroplating operations. They cause toxicity of the soil
and readily threaten the country’s water supply. Metals are ubiquitous and can easily
spread throughout the food chain, where they cause the toxicity of plants and humans.

Present in-situ remediation techniques (e.g. soil washing and chemical
precipitation) either cannot be applied to clay or are expensive from a standpoint of
capital costs or operational costs. Natural clay soils pose several problems related to
remediation that currently used techniques cannot overcome:

1. The high cation exchange capacity (CEC) of natural clay soils promotes the
exchange of heavy metals from the liquid phase to the soil, due to their high
valence and atomic size.

2. Natural clay soils having inherently high pHs that promote the precipitation of
some forms of heavy metals. This results in a tendency for heavy metal
contamination to remain sorbed on the solid phase, thereby preventing their
dissolution, transport and subsequent removal at desired locations.

3. The low permeability of clay soils results in low flow rates which renders
remediation techniques that depend upon hydraulic gradients unfeasible.

Electrokinetic (EK) soil remediation, has proven to be effective on a pilot scale

for the remediation of lead-spiked Georgia Kaolinite (Acar and Alshawabkeh, (1996)).

The transport of pore water and ionic species between anode and cathode, via



electroosmosis and electrolytic migration respectively is much more efficient than
standard hydraulic gradients (Hamed e al., (1991)).

Despite the enhanced transport that existing electrokinetics provide, there are
some limitations that this technology presents. Reduction at the cathode produces OH"
ions which readily increases the pH. This creates a precipitation barrier in this region and
prevents the transport of heavy metals to desired locations. Therefore, localization and
recovery, and subsequent reuse of heavy metals are impossible. In addition, the use of
pure clay (i.e. kaolinite), in previously performed tests, presents a simplified case of
electrokinetic techniques, since kaolinite has an inherently low pH (5 .0-5.5) and low CEC
(Acar and Alshawabkeh, (1993)). This low pH facilitates the mobilization of heavy
metals from the soil to the pore water. Natural clay soil does not facilitate easy
mobilization and therefore may not allow for effective electrokinetic transport. This
situation requires a dramatic improvement to existing electrokinetic methodology.

The proposed hybrid method, which consists of an ion-selective textile placed just
before the high pH barrier, coupled with electrokinetic phenomena, allows for heavy
metals to be transported and localized respectively. The localization of metals allows for
their recovery, which results in cost savings. The use of an ion-exchange textile alleviates
the problem associated with the development of high pH values in the cathode region and
not being able to localize the target metals, as was observed in the previous research
pertaining to electrokinetic applications. The use of ion exchange textiles has proven to

be effective in the transport, and localization of nickel and lead contamination in natural

clay soil (Elektorowicz, (1997)).



1.2. Objective

As a direct result of the problem scope, this thesis attempts to develop a hybrid
approach for the remediation of natural clay soil, contaminated with heavy metals,
specifically lead and nickel. This hybrid approach attempts to alleviate the problems of
classical electrokinetics through the utilization of ion exchange textiles and a chelation
agent (Ethylenediaminetetraacetic acid), in combination with electrokinetic transport.

1.3. Scope of the Thesis

Figure 1 summarizes the remediation process that formulates the subject of this
thesis. The development of this hybrid method creates an environment that is optimized
for transport of heavy metals, since they will be solubilized into the mobile phase.
Secondly, through the use of ion exchange textiles (IET), placed strategically within the
electrokinetic cell (e.g. in the cathode region, in front of the high pH zone), the heavy
metals can be removed before they form precipitates, thereby allowing for localization on
the textile, removal and subsequent recovery from the textile. In addition, the behaviour
of the process as a whole will be dealt with particularly from the standpoints concerning
the behaviour, applicability and overall mobilization effectiveness of EDTA in a clay soil
environment. In addition, the behaviour and overall removal efficiency of the ion
exchange textiles will be dealt with in order to determine its field applicability for
localization and removal of heavy metals. Finally, the behaviour of electrokinetic
processes (electrical parameters, transport efficiency) and the effects of the EDTA and
IET on the process will be dealt with. In summary, the behaviour of the hybrid process
from each sub-process will be experimented in order to gain an understanding of the

overall hybrid process and to determine its effectiveness as an in-situ remediation



technique, for the transport, localization, removal and recovery of heavy metals from

natural clay soil.

HYBRID METHOD
Development of 2 new remediation technique
Target Contaminants : Pb & Ni
Medium: Natural Clayey Soé

{ 1

I
Classical Electrokinetics | EDTA ; lon Exchange Textile
Transport of ionic species: Chelation Agent (IET) :
Electroosmosis, Electrophoresis, Electrolytic Migration Increases the solubility of heavy metals | Localization, removal and recovery of heavy metals |
I Increases the accesibility of metals to EK transport [/|  Alleviates the problem of the precipitation bamier |

Figure 1 Summary of the hybrid method development: thesis topic

This method represents an innovation to the field of problematic soil remediation.
This thesis focuses on a practical approach to this hybrid method. It should represent a
significant improvement over standard EK methods (which typically have been applied
only to low pH soil). This is done by enhancing mobilization (use of EDTA), transport of
ionic species in natural clay soil (use of electrokinetic methods) and enhanced
localization and removal (use of ion exchange textiles). The successful development of
this hybrid method depends on several factors: 1) Proper recognition of the natural soil
environment, 2) knowledge related to the behaviour of metals in soil, 3) ion exchange
theory and membrane processes, 4) application and characteristics of EDTA, and 5)
electrokinetic phenomena. The overall effectiveness of this methodology will be based

on several steps, including the measurement and analysis of: 1) Electrical parameters



(current, potential and resistance), 2) system chemistry and its control (soil pH, soil metal
concentration and cathode liquid quality), 3) enhanced mobilization and transport of
EDTA by using the EK method only, and the 4) verification of the overall localization

and removal efficiency of EDTA-EK-IET system.



~2.. BEHAVIOUR OF NATURAL CLAY SOIL COMPONENTS

From an environmental engineering standpoint, natural soil presents a medium
that is complex in structure, physico-chemical properties and general behaviour. Geo-
environmental engineering and the field of soil remediation are particularly concerned
with the lithosphere, which consists of the outer mantle and the crust. Through a myriad
of erosion processes, the earth’s crust is continually undergoing various metamorphic
processes, which in turn result in a wide variety of components within this layer. These
components are generally subdivided into inorganic matter (rocks and minerals) and
varying amounts of organic matter, which can in turn be subdivided into separate
categories (Hamblin, (1992)).

Typically, there exists a definite transition for the upper surface of the soil down
to the fresh bedrock, known as the soil profile. This profile shows a rather consistent
sequence of horizons, which small variances with location. The horizons that comprise
the soil profile are summarized in Table 1.

Knowledge of the soil horizon forms the initial foundation for the study of soil
composition. The efficiency of any remediation effort is predicated on a knowledge of
soil composition, since this presents an idea related to the fate (transport, transformation
and retardation) of contaminant(s).

'2.1. Principal Soil Components

As stated previously, soil consists of a myriad of components that can be
subdivided based on .their physical structure and their chemical behaviour related to
contaminant fate. The subsurface can be subdivided into the solid phase (soil matrix),
liquid phase (pore water) and the gaseous phase (i.e. air, VOCs). The solid phase is

6



composed of a variety of constituents that must be discussed in this chapter. Using this

criterion, the constituents of natural soil, excluding pore water and gases, can be

subdivided as shown in Figure 2.

Table 1 Typical Soil Horizons (Hamblin, (1992))

General Description

Soil Horizon

", eHigh organic matter content due
' to varying levels of
decomposition

: ‘Compohents

e The A horizon as a whole is a
topsoil layer that is high in
organic matter.

~ e Humified organic matter mixed
with mineral soil.

e Loss of organic matter

" @ Presence of iron and aluminum
oxides and clay

- @ Subsoil, contains primarily
inorganic substances (fine clays)
- and colloids from the A horizon
- @ Accumulation of clay,
development of distinct structure

3 ovThere.are no dnscermble layers

perties and physmal

' fea res remain constant -
R throughout thls honzon

R

- Zone of partly disintegrated rock
and decomposed bedrock

" oIndividual rock fragments are
heavily weathered.

ONo deﬁmte layers are present -

w1thm thxs honzon

o Degree of weathermg mcreases ,

w1th depth
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(Non-altered)
t— Ouartz P— Kaolinhe - Oxldes and j=~ Aliophanes
Hyvdrous
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oxides
[~ Vermicullite
L. Micas

Figure 2 Natural soil constituents and typical examples (Elektorowicz, (1993))

2.1.1. Crystalline Inorganic Components of Soil

Inorganic matter typically constitutes the majority of the soil’s composition. The
inorganic portion of soil consists largely of aluminosilicates. Typically, feldspar minerals
comprise 60 % of an average inorganic rock (Hamblin, (1992)). The inorganic
components are subdivided into crystalline and amorphous types. Most clay minerals are
weakly crystalline, as a result of their smaller crystal sizes and an increased tendency for
ionic substitution.

Inorganic minerals are typically subdivided into primary and secondary groups.
Primary minerals are defined as those deRived in unaltered form from a parent rock

through physical weathering processes.  Typical examples are quartz, feldspar,



amphiboles, and pyroxenes (see Figure 2). These minerals are not significant to geo-
environmental engineering, specifically contamination and attenuation processes, due to
their low cation exchange capacities, low specific surface areas and high particle sizes.
Their importance to geo-environmental engineering and geotechnical engineering lies in
their ability to be weathered and chemically transformed into secondary minerals.

Clay minerals are those derived from the previously mentioned primary
counterparts. They typically consist of varying structures with silica tetrahedral and
alumina octahedral as the basic structural groups (Figure 3). Secondary minerals are
characterized by a high specific surface area, a small particle size, and a high surface
charge which makes this group significant in influencing contaminant transport and
attenuation. The principal layer silicates that comprise this group are kaolinites, chlorites,
vermiculites, micas, and montmorillonites (Yong, et al., (1992)). Table 2 summarizes the

basic properties of secondary minerals found in natural soils.

Figure 3 Silica tetrahedral and alumina octahedral (Das, (1994))



Table 2 Structure of Typical Clay Minerals (Yong, et al., (1 992))
Minerals - Structural . Population of “ ‘Isomo‘i'plg'qus.g
..Composition Octohedral Substitution
R Sheet ’ ;
" Kachimites  Keolinite  SilicwAlumina  Dioctahedral
a Dickite L 1:1
Halloysite (7.2 A thick)  2/3 of positions
filled with Al
Chlorites Chlorite Silica:Alumina  Dioctahedral, Al for Si
S ’ 22 Trioctahedral Al for Mg
: (14.0 A thick) or Mixed
| Micas Hlite Silica:Alumina Octahedral Al for Si
; Glauconite o2
{ (10 A thick)
~Vermiculites Vermiculite  Silica:Alumina  Dioctahedral AlforSi |
(10A thick) -
Montmorillonites: Montmorillonite Silica:Alumina  Trioctahedral Al for Si
R Beldellite 21 Mg for Al
Nontronite (10 A thick) Fe for Al

2.1.1.1. Kaolinites

Kaolinites consist of alternating layers of silica tetrahedral and alumina

octahedral, each sharing a layer of oxygen atoms between them. The basic configuration

of the kaolinite minerals is shown schematically in Figure 4. Electron microscopy reveals

that a silica-alumina layer is three oxygen atoms thick (including the shared oxygen

atoms). The layers are bound by strong hydrogen bonds between hydroxyls from the

alumina sheet on one face, and oxygen from the silica sheet on the opposite face of each
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layer. This allows kaolinite minerals to maintain a relatively strong and stable structure
and therefore prevent hydration between subsequent layers. The exception to this is
regarding halloysite which can occur in a hydrated from, with a layer of water between
each layer of the kaolinite structure. Kaolinite crystals generally range between 70-100

layers thick (Yong, et al., (1992)).

o hypen
O Tydrenyl
o Alominum

@ O Silwen

Figure 4 Schematic diagram of a typical kaolinite structure (Das, (1994))

Due to its tight structure, there is relatively little isomorphous substitution in the
crystal lattice of kaolinite. The specific surface area of kaolinite is in the range of 10-20
m?/g and its cation exchange capacity (CEC) is 5-15 cmol/kg, which is attributable to the
edges of the particles and the pH dependence of the particle charge. Kaolinite has a point
of zero charge (the pH at which the particle surface charge is negligible) of 4.5, and as a
result charge reversal is common (Elektorowicz, (1996)). The various views of the
kaolinite structure are shown in Figure 5.

It should be noted that Figure 5 shows that the clay crystal lattice is continuous in
both directions, but the edges show that broken bonds exist between oxygen and silicon

and between oxygen and aluminum. This results in broken bond charges and subsequent
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hydrogen ions at the surface. These hydrogen ions can be readily exchanged with other

cations (i.e., heavy metal contaminants) with higher valences and larger atomic diameters.

%4 Al

4 1*\ <
Y
AN

Figure 5 Kaolinite structure: 2-D views

2.1.1.2. Chlorites

Like kaolinite, chlorite minerals are composed of alternating silica and alumina
sheets. The principal structural difference is that the sheets are formed in a 2:2 ratio of
silica and alumina, as shown in Figure 6 (Elektorowicz, (1993)). Extensive substitution
of other cations for silicon and aluminum occurs within chlorite minerals. Typically, the
silica sheet is subjected to the substitution of trivalent aluminum for tetravalent silicon,

resulting a net negative charge. This charge is counterbalanced by the substitution of

12



trivalent aluminum for divalent magnesium. The CEC of chlorite is 10-40 cmol/kg with a

specific surface area of 70-150 m?/g (Yong, et al., (1992)).

Silica Sheet

Alumina
Sheet .

 Silica Sheet

Alumina
Sheet

\ Silica Sheet /

Figure 6 Schematic drawing of chlorite structure

2.1.1.3. Illites

lllites consist of repeated layers of alumina sheets between two silica sheets (2:1,
silica to alumina), with oxygen atoms shared. As shown in F igure 7, each layer is bonded
by potassium ions which fit exactly into the hexagonal gaps provided by the silica sheets.
As a result of the presence of these potassium ions, a positive charge results, which is

dissipated by the substitution of aluminum for silicon.

13



The structure and physical properties of illite are favorable to the retardation of
chemicals, particularly heavy metals. Illite is characterized by a small particle diameter,
less substitution of aluminum for silicon, and more sites for exchangeable cations than

kaolinite and chlorite. The CEC and specific surface area for illite are 25 cmol/kg and 80

m?/g respectively (Yong, et al., (1992))

AN o N
\ Silica sheet
\ . .

Gitbbsite <heet

Potassium

\ Silica sheet /
N\ . .

Cibbsite sheet

|
i\
Silica sheet \

Figure 7 Structure of illite (Das, (1994))

2.1.1.4. Montmorillonites

Montmorillonite (smectite) consists of the same silica-alumina layers and in the

same ratio as illite. However, the following structural and behavioral differences exist:

1. Isomorphous substitution occurs mainly in the alumina sheet.

2. There is an absence of potassium ions to bond the repeated layers of silica and
alumina. As a result, hydration occurs readily. Figure 8 shows the structure
of montmorillonite.

14



3. Montmorillonites have a higher activity and liquid limit than.illites (Das,
(1994)).

As aresult of the ability of montmorillonite clays being able to incorporate several
layers of water, its swelling potential is high. Typically, the water separating the layers is
0.9 nm thick. The specific surface area ranges from 600-800 m?%/g with a CEC of 80-120
cmol/kg. As a result of its high CEC, specific surface area and swelling potential,
montmorillonite is highly effective for the retardation of inorganic chemicals (i.e. heavy
metals). In addition, it is a constituent in landfill liner design for the retardation of

leachate. It is used only in small amounts due to a high swelling potential.

° Aluminani. ion.

: ; magnesivm
Exchangeable cation e

H:0 -

ol QO Silicon.
aceasionably
dluminum

Figure 8 Schematic representation of montmorillonite (Das, (1994))

2.1.1.5. A Comparison of Clay Minerals in Natural Soils
In order to discuss clay minerals adequately, a comparison of properties provides

an accurate and relative scale of properties. Table 3 displays a summary of the
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environmentally pertinent properties of the secondary minerals discussed in the previous

sections. Natural clay soil consists of a mixture of the clay minerals shown in Table 3.

Table 3 Comparison of Properties Related to Clay Minerals (Elektorowicz, (1993))

: '-:_‘f-,"]ili_nferal CEC Specgﬁc Surface - Swelling Potential  Plasticity |

R - Area

i __.[cmol/kg] v/ B

Kaolinite : 5-15 10-20 Very Low Very Low

‘ Chlonte 10-40 : 70-150. Low Low

o THlite 25 . 80 . Moderate Moderate :

'Montmorlllomte 80-120 600-800 Very High Very High :
- Vermiculite - 120-150 . 600-800 ...Moderate ~~ High

2.1.2. Non-Primary and Non-Secondary Crystalline Inorganics

Broken bonds at the surface characterize non-primary and non-secondary
crystalline inorganics. They contain negligible cation exchange capacities and commonly

encompass the following groups:

1. Oxides and Hydrous Oxides
2. Carbonates and Sulphates

The following sections deal with a discussion of these aforementioned groups.
2.1.2.1. Oxides and Hydrous Oxides

The oxides and hydrous oxides include hydroxides and oxyhydroxides of iron,
aluminum, manganese, titanium and silicon. They are generally derived from the
weathering of tropical soils. Typical examples of oxides and hydrous oxides are as
follows (Yong et al., (1992)) : 1) Haematite, 2) Goethite, 3) Gibbsite, 4) Anatase and 5)
Boehmite. Typically, the surfaces of the aforementioned oxides and hydrous oxides
consist of broken bonds, which are satisfied by hydroxyl groups originating from the

dissociation of water. It should be noted that the surface charges of these soil materials
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are pH dependent and typically have a point of zero charge of 4.0-5.0. The presence of
primary minerals with these compounds can dramatically alter the properties of the soil
and its sorption tendencies.
2.1.2.2. Carbonates and Sulphates

Carbonates and sulphates are characterized by high water solubilities (relative to
the secondary minerals and amorphous oxides), low CECs and low specific surface areas.
They include compounds containing carbonate, sulphate and bicarbonate in combination
with one or more metallic ions (typically Ca, Mg, and Na). Calcite (CaCOj;), magnesite
(MgCO3), dolomite (CaMg(CO3),), and nahcolite (NaHCOs3) are common examples of
carbonate minerals. Gypsum (CaSO42H,0) is the most abundant of the sulphate
minerals found in soil (Yong, ef al., (1992)).
2.1.3. Amorphous Inorganics

Amorphous inorganics do not possess a definite structure and generally
encompass allophanes, imoglites, amorphous silica, amorphous iron and aluminum
hydrous oxides. Allophanes consist of random arrangements of silica tetrahedral and
metallic cations (calcium, magnesium, potassium, titanium and sodium). They possess
high specific surface areas (300-700 m%/g) and high CECs (150 cmol//kg), which are
comparable to montmorillonite and vermiculite (Yong, et al., (1992)). However,
secondary minerals are in much greater abundance than amorphous inorganics and
therefore have a larger influence on contaminant fate and environmental engineering.
2.1.4. Organic Soil Components

Organic matter is typically found in wide a variety of soils. It comprises 0.5-5.0%

(by weight) of most mineral surface soils, with the exception of peat, which can attain
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100% organic matter. Despite this low proportion, organic soil matter plays a significant
role in contaminant fate and in any remediation effort due to its ability to adsorb organic
compounds, thereby causing immobilization. Organic matter originates from the
transformation and decay of vegetation and animal remains. As a result, the classification
of organic matter can be based on the degree of degradation as discussed above. In
addition, another classification is based on humic and non-humic organic material,
specifically, their solubility in acid (Yong, et al., (1992)). Classifications of organic
material based on the degree of degradation and on acid solubility are shown in F igure 9
and Figure 10 respectively.

Humic acids are essentially polymers with molecular weights ranging from 100-
100000. These high molecular weights combined with high specific surface areas and
high CECs allow the molecules to develop van der Waals forces with other soil
constituents and/or chemical contaminants. In addition they have high interactive and
complexation tendencies. They contain basic carbon and hydrogen constituents, along
with oxygen, nitrogen and small amounts of sulphur. The degree of aromaticity, as tested
by nuclear magnetic resonance (NMR) methods ranges from 35-92%. The principal
functional groups that comprise humic acids are alcoholic OH groups, carboxyls,
phenolic OH groups, quinones and ketonic groups (Yong, et al., (1992)). The chemical
composition and functional groups are displayed in Table 4 and Table 5 respectively,
located at the end of this section in order to provide a means of comparing the
composition functional groups (and their proportions) of each organic material type.
Fulvic acids are distinguished from humic acids based on their solubility in both acidic

and basic solutions. They generally have molecular weights in the range of 1000-2000.
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They contain appreciably more sulphur and oxygen than humic acids, but less carbon
hydrogen and nitrogen (see Table 4). The major functional groups significant to this
group are: carboxyls, phenolic OH, alcoholic OH, carbonyl, quinones and ketones.

Humins are generally composed mainly of carbon with small amounts of nitrogen.

Organic Material

I

[

Unasiterad O cganics N Transformed Diganics ’
[ I 1 [ l 1
: . 3 Amotphous Msterisl
Frash Organice ou N;",':.':I';: orm e | Cecmyed Matesisl
3 (i.e. humic substances) |

[— Polysaccharides

— Lignins

— Polypeptides

Figure 9 Classification of organic matter according to the degree of degradation

Organic Material
L
1
Humic Acids N Fuivic Acids : Humins
|__ Soluble in a basic L Soluble in acidic {__ Insoluble in acidic
solution and basic solutions and basic solutions
| Precipitates in an

acidic solution

Figure 10 Classification of organic matter by acid solubility (Yong, e al., (1992)).
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Table 4 Chemical Composition of Humic and Fulvic Acids (Yong, et al., (1992))

.. HumicAcids - . FulvicAcids . |

50-60% i 40-50% 0 0 - |

30-40% o 40-50% i

. 3-6% 4-7% i

_Nitrogen - 0.5-6% 1-3% !
Sulphur 0-2% 1-4% 1

Table 5 Functional Groups in Humic and Fulvic Acids (Yong, et al., (1992))

T . Element . HumicAcids Fulv:cA_czd;W"“
rhmﬁc OH 35% 6%

T AleoholicOH 0-2% 254
RN Quinones 1-2% 2%
= Carbonyls 0.5-4 T o3s%

| .Ke.tdnes‘_,‘ kT S —

2.2. Influence of Soil Properties on Contaminant Fate and Remediation Alternatives

Soil constituents and the properties that accompany them have a significant
influence on the fate of contaminants in the subsurface and on any remediation effort.
Secondary minerals and organic material present in soil have the largest influence on
contaminant fate and to a lesser extent, remediation engineering due to their ability to

exchange cationic contaminants (i.e. heavy metals) and adsorb organic substances
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respectively. As a result, emphasis will be placed on these two groups of soil
components.
2.2.1:'Secondary Minerals - -

Typically, secondary minerals comprise 90-95% of most soils and their inherent
properties can influence contaminant fate. A contaminant present in the subsurface is
transported to other locations in the soil, by pore water potential, advection, dispersion
and diffusion. In clay soils, molecular diffusion is the typical transport mechanism due to
the low permeability of clay. While the contaminant is transported through the media,
retardation occurs which aids in removing these contaminants from the liquid phase and
onto the solid phase, thereby ceasing their mobility. Mathematically, the entire

transportation-retardation (fate) regime of chemicals in porous media is expressed by the

following general equation (Elektorowicz, (1993)):

®[8

=aD; 8C - vBC - pdS + 2Q [2.1]
Oox ox oOx 06t

= concentration of chemical in solution (mass/volume)
= time

= distance from a specified origin

= hydrodynamic dispersion/diffusion coefficient

= advection velocity (length/time)

= soil moisture content

= soil density (mass/volume)

Qi = summation of all contributions - summation of sinks

Where:

Fx -0

MO O <

As stated above, the second to last term in the general fate model represents any
process acting to retard the transport of chemicals. Due to the high CEC values of

secondary minerals, particularly montmorillonite and vermiculite, they can readily
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exchange cations with those in solution. This forms a natural mechanism for the removal
of metal contamination (i.e. lead, mercury, cadmium and nickel) from the mobile (liquid)
phase, onto the soil, thereby preventing any further contamination deeper into the
subsurface. Regarding the general transport equation, the CEC of these secondary
minerals contributes significantly to the retardation term, particularly in the case of high
CEC soils, such as montmorillonite and vermiculite.

Theoretically, secondary mineral exchange cations according to a specified
hierarchy which is based on the following properties of the cations in question:
Ionic charge (valence)
Atomic size
Concentration of cations in solution

pH of the soil
Type and shape of the cations in solution

NhWN e~

Typically, as the valence of the ion and the atomic size increases, its ability to exchange
increases (with some exceptions). Frequently, the shape of the cation in solution can
dictate whether any cations exchange with the soil. For example, potassium has an
atomic shape that fits exactly into the gaps of silica sheets. Based on the factors
mentioned above, following exchange hierarchy results (LaGrega, er al., (1994)):
Li" <Na" <H' <K' <NH;" << Mg? < Ca®* < Ni** < Pb** << A]**

It should be noted that this hierarchy is superseded by the concentration of cations in
solution. If the concentration of cations in solution is significantly higher than that bound
to the soil, exchange will occur regardless of ionic size, shape and valence. This is the
basis for the regeneration of ion exchange resins. The order listed above forms the basis

for retardation mechanisms in secondary minerals. Kaolinite, montmorilionite,
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vermiculite and illite all follow this hierarchy of exchange with varying capacities, as
reflected by their respective CECs.

The retardation of cationic substances, particularly metals, by secondary minerals
is of particular importance to remediation engineering. In any remediation process,
accessibility of metals to transport enhancement methods (i.e. electrokinetics) is
paramount. Cation exchange with the soil can result in the removal of these metallic
species from the liquid phase and render many remediation techniques ineffective.

2.2.2. Organic Matter

The presence of organic matter in the subsurface, event in small amounts (1-2%)
can drastically influence the fate of contaminants in the environment. There exist
numerous interactions between the organomineral matrix and organic contamination.
Humic substances have shown to have a considerable impact on adsorption phenomena in
soils.  Cation exchange is also prevalent with organic material as reflected by the high
CEC values for humus (180-200 meq/100 g) (Yong, et al., (1992)). In addition, the
formation of organomineral complexes in soil is pH dependent and is essential in
stabilizing soil organic matter, even the complex structure of humic compounds. As a
result of these sorption processes, the presence of organic material can cause extensive
retardation of inorganic and organic contaminants and prevent further migration deeper
into the subsurface.

Regarding remediation processes, sorptive interactions can also influence the
availability of contaminants to the mobile, pore water phase. Electrokinetic processes are
dependent on the fact that ionic species (i.e. heavy metals) remain in the liquid phase, so

that they can be transported via electrolytic migration, electroosmosis and electrophoresis.
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If the sorptive capacity of the soil is high, as with many clay soils, standard electrokinetic
processes will be ineffective.

Humic substances are effective at absorbing low molecular-weight organic
compounds in their macromolecular matrix. As a result of this phenomenon, these soils
have a significant buffering capacity to toxic influences (i.e. by phenols or pesticides).
Several studies have shown that organic substances, such as phenols can be adsorbed or
even linked into the humic matrix by either abiotic reactions with trivalent iron,
tetravalent manganese or through the activity of microbes. It should be noted that
although not as significant as organic material present in the soil matrix, the fate of
sorbed residues such as organic soil contaminants should also include dissolved organic
matter in the liquid phase, as a carrier during leachate and run-off.

2.3. Summary

From the standpoint of geo-environmental engineering, soil and the processes that
occur in the subsurface are complex and diverse. The constituents of the soil matrix
dictate which processes will be prevalent. These processes can be classified into
physical, chemical and biological subdivisions. The soil components that influence
contaminant fate and remediation engineering are organic material and secondary
minerals.

The presence of organic material coupled with secondary minerals has significant
effects on contaminant fate and electrokinetic processes. Organic material in proportions
of 1-2% (by weight) can cause the adsorption of organic contaminants, thereby preventing
the migration of these contaminants into the groundwater. In addition, humic material

also has an inherently high CEC, which can also remove inorganic contamination.
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Sorptive interactions can also influence the location of metals in soil by connecting them
to solid surfaces.

Secondary minerals play a significant role in the removal of inorganic components
from the mobile liquid phase onto the solid soil phase. The CEC of each mineral type
dictates the tendency of these soils to exchange cations. Montmorillonite and vermiculite
have the highest CEC and specific surface area of the secondary minerals, and are
therefore the most effective at removing cationic substances. The high specific surface
area allows for the maximization of exchange sites. Due to these properties,

montmorillonite has had extensive used in liners for landfill design.
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3. METALLIC COMPOUNDS IN THE ENVIRONMENT

Metallic ions are transported via a variety of mechanisms. During this tortuous
path, myriads of transformations occur that can have drastic ramifications on both surface
and subsurface environments. The behaviour of metals depends on a variety of
characteristics related to the metal itself and its spatial location. However, from a broad
standpoint these characteristics can be classified into two groups, namely 1) Metal Type
(light or heavy) and 2) Environment (surface water or porous subsurface media).

This chapter deals with the properties and behavior of light and heavy metals in an
aquatic environment and in the subsurface environment (soil and groundwater). Special
emphasis will be placed on factors that have impacts on environmental contamination and
toxicity. The metallic ions which have posed problematic contamination conditions, and
those metals whose recovery are economically feasible will be dealt with. Therefore, this
chapter comprises a description of the following metals on the following metallic ions: 1)
Nickel (Ni*" ), 2) Lead (Pb*"), 3) Zinc (Zn?*"), 4) Cadmium (Cd?*), 5) Chromium (as Cr*
and Cr,072), and 6) Copper (Cu*").

The environmentally pertinent properties strictly related to the transportation and
transformation of species will be considered in this thesis. Particular focus will be placed
on lead and nickel, as these heavy metals comprise the target contaminants for this thesis,
and due to their contrasting behaviour in the environment.

3.1. Properties and Behaviour of Metals in Aqueous Media
Metals in an aqueous environment may undergo complexation, precipitation,

dissolution, and changes in their oxidation states. They can react with the inorganic and
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organic types of ligands in the water phase and/or at the surface of the solid phase (i.e.
sediments). This phenomenon can dictate the mobility of a particular metal ion in
aqueous media and hence its potential for contamination. Heavy metals have the ability
to accumulate in living organisms and can therefore cause toxicity within the food chain.
Microorganisms utilize trace concentrations of metals during their metabolic processes.
In an electrolytic solution, ions of opposite charge are bound together by electrostatic
forces within the critical distance, forming ion pairs. These forces decrease in proportion
to 1/r, (where r is the interionic distance). When this ion pair is formed, the metal ion or
the ligand retains coordination water, so that one or more water molecules separate the
cation and anion. Estimates of stability constants (a reflection of a metallic ion to form
and remain in a complexed form) can be made based on the coulombic interactions
between the ions in an aqueous solution.

The hydration of cations is directly related to the behaviour of metals in aqueous
media. The greater the ionic hydration, the higher the tendency for that metal to remain
in solution, and be more mobile. The hydration of an ion in solution has a complex
internal structure and its outer boundary is difficult to establish. An ion in solution is
typically modeled as being surrounded by two zones. An inner layer is equated to what is
termed as the primary hydration shell, which consists of dense electrorestricted and
immobilized water molecules strongly bound by the coulombic field of the ion. The
secondary hydration shell, is a region of comparative randomness, of disrupted water
organization and of broken structure (Kotz and Purcell, (1987)). Beyond the secondary

layer lies normal water molecules within the aqueous media.
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Generally speaking, cations (metals) are more hydrated than the anions of the
same negative charge. In general, the degree of hydration is dependent on the following
properties of the ion(s) in question: 1) Charge on the ion (as atomic charge increases, the
higher the degree of hydration, and 2) Atomic radius (the smaller the atomic radius, the
heavier the hydration).

These characteristics must be considered when attempting to describe the
behaviour of metals in an aqueous environment. In addition, it provides a part of the
necessary background theory for the design of any remediation technique and the
improvement of various techniques for the removal of metals.

One of the most important properties of heavy metals is related to their
complexation tendencies. Complexation of metals, specifically lead and nickel, refers to
the formation of aquametallic, typically organometallic substances due to the combination
of the metal ion (central ion) itself and the anion, known as a ligand. Complexes may
have ramifications on the mobility of metals in aqueous media. The anion can be humic
substances or acidic ions present in the aqueous media. Lead and nickel complexation is
typically preceded by a dehydration step, where hydration water is exchanged with the
ligand. Based on the exchange rate of hydration water and comparing the coordination
number of covalent compounds with other ligands than water, it is obvious that the
complex formation represents ligand exchange of an equivalent number of water
molecules from the hydration shell. Complexation can be classified into two groups,
depending on the rate at which cations exchange ligands. These groups are 1) Labile

complexes and 2) Inert complexes (Merian, (1991)).
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3.1.1. Labile Complexes

Labile complexes are those ions that exchange ligands almost instantaneously.
Typically, these complexes are formed through a combination of the cation and an
inorganic ligand. In aquatic systems, hard acids (i.e. metal ions), are present as ionic
pairs. At low concentrations, the soft and boundary cations such as sodium, potassium,
calcium, and magnesium can form labile, mononuclear complexes with OH,, CO,%,
HCO5", S04, CI” anions in aqueous media. In addition, metals such as lead, zinc,
copper, cadmium and nickel can form labile complexes. Nickel and lead form labile
complexes with hydroxide ions shows many forms of chloride complexes. The metals,

their typical ligands and the final complex formed are summarized in Table 6.

Table 6 Complexation of Various Pertinent Metals in Aqueous Media (Merian, (1991))

Metal -~ " Author Ligand .~ - Complex Formed
Lead (Pb*’) Siposetal. (1980) OH - Pb(OH)"
ST Ccr PbCl*
Cadmium (Cd™)  Branica, (1977) .CI' cdcr
3 S CdCO:; (precipitate)
Cd(CO3)2*
Nickel (Ni'%): . Bilinski, (1983) OH Ni(OH)"
» Cr NiCI*
CO;* NiCly
NiCOj (precipitate)
Ni(CO3),*
Copper (Cu™) Bilinski, (1983)  COs* B CuCO;s (precipitate)
RS ‘ ' Cu(COs),*
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3.1.2. Inert Complexes

Contrary to labile processes, in inert complexes, the hydration water is exchanged
slowly with the added ligand. Inert complexes of metals are typically formed with
organic ligands. Chen et al., (1995) showed that heavy metals such as cadmium, lead and
zinc have been known to readily combine with organic ligands (acids) such as
nitrilotriacetic acid (NTA) and ethylenediaminetetraacetic acid (EDTA). In addition,
hydrochloric acid (HCI) and acetic acid (HAc) have been documented as ligands for the
formation of complexes with the aforementioned metals.

Knowledge of complexation tendencies can define the mobility of the metallic
compound. This is paramount to the characterization of contaminant fate, the design of
remediation techniques for contaminant removal, the formation of improvement
techniques that eliminate problems, and to the determination of process efficiency.

3.2. Properties and Behaviour of Metals in the Subsurface

The properties and behaviour of metals in the subsurface is more difficult to
characterize than in aqueous media due to the fact that the subsurface is a multi-phased
zone where complex physical and chemical processes can take place. In addition, within
each phase there exists ambiguous sub-zones where diverse processes take place. As a
result, many types of metal species exist and they can therefore be present in the

subsurface in the following manner:

1. As part of soil parent material or soil minerals of secondary origin;
2. As precipitates with other compounds of the soil;

3. In the sorbed phase, on exchange sites with clay minerals, inorganic non-
crystalline forms, and organic matter can serve as exchangers;
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4. Dissolved in the pore solution, in aquametallic, ionic/dissociated or
complexed forms (with organic or inorganic ligands);

5. Embodied in microorganisms, plants or animals.

The fate of metals in the subsurface, which includes their physical transport,
chemical transformation and retardation is of particular importance to the understanding
of contamination effects and any eventual remediation technique that is to be employed.
It is generally understood that the degree of mobility and activity of metals is influenced
by pH, temperature, redox potential, cation exchange capacity of the solid phase,
competition with other metal ions, ligation potential (the tendency for a ligand to undergo
complexation with a metallic ion), complex metal and soil composition, and
concentration in the soil solution. Since the subsurface is heterogeneous and anisotropic,
the metal content is subject to spatial variability (Merian, (1991)). It should be noted that
most complexation characteristics (tendencies and stability), observed in aquatic medium,
can readily be applied to the subsurface.

3.2.1. Redox Potential of Soil

The redox potential is an important property of a soil in relation of environmental
engineering remediation techniques. For instance, the effectiveness of any electrokinetic
remediation process is dependent on the redox potential of the soil. The water and
oxygen content of the soil influence the redox status and the value can vary with short
distances.

The status of most metal ions is affected by redox conditions, particularly for Fe,

Mn, Cr, Cu, As, Hg, Se, Ni and Pb. The redox potential directly effects the oxidation of
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state of metals, which therefore influences their mobility/retardation. For instance, under
certain redox conditions, divalent Pb and Ni can be oxidized to the insoluble forms where
it will form a hydroxide precipitate, thereby ceasing its ability to migrate though the
subsurface. Indirectly, the chemical forrﬂ of a metal can be changed through an alteration
in the oxidation state of a ligand atom such as C, N, O, and S.
3.2.2. Sorption of Metals

Sorption is defined as the retardation of a substance that typically occurs between
phases (i.e. at a solid surface). This retardation can be at the surface (adsorption),
through the surface (absorption) or through chemical bonding based on the valence of the
substance in question (ion exchange). The amount of metal adsorbed to the soil is
dependent on the properties of the metal in question and the particular physico-chemical
properties of the soil. Table 7 displays the properties of the soil and the metal ion that

influences sorption:

Table 7 Pertinent Properties that Affect Sorption (Elektorowicz, (1993))

- Properties’.ofthe 'Soi( . o Properties of the Metal Ton
o “Soilltype ~ Concentration
(Clay =low adsorptlon, high ion-exchange) (directly proportional)
’ (Orgamc soil = high adsorptlon)
Speclfic_vsmf_face area Ionic Charge and size
- (directly proportional) ’ (directly proportional) ‘
Organic matter content ' Water solubility
(directly proportional) ' (inversely proportional)
T Polarity

(directly proportional)
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From these properties, the decreasing sequence of ion exchange can be expressed

in the following manner:
Cu2+ > Pb+2 > Zn2+ > Co+2 > Ni2+ >M n2+

In general, the capacity of soils for sorption of most metal ions increases with increasing
pH, but the natural mobility of the cations is decreased. For example, the mobility of
PbOH" increases with increasing pH. This phenomenon has serious ramifications on any
remediation technique. In essence, varying the pH is a compromise between natural
mobility and soil sorption. Increasing pore water metal concentration by decreasing the
pH decreases the mobility of the cations. As a result, another process (electrokinetics)
must be introduced to enhance the mobility in soil for the purposes of decontamination

and localization. Relative mobility and its dependence on pH are shown in Table 8.

Table 8 Influence of pH on Relative Mobility of Metal Cations in the Subsurface

(Merian, (1991))
. pH _I_l_abng:e“ = Very Mobile Modera(el_)r Mpbile '''' ‘Slowly Mobile
TTaaes CamgNiza T ABeG T cupbse |
6;7‘-8.5_ T As,cr .Bc,:Cd,_Hg‘,‘an ~ CuPbNi

It should be noted that mobility tests were performed individually for each metal
(no multiple contamination). As a result competitive adsorption/mobility was not taken
into account. This is of particular importance with Pb?* where lower adsorption was
observed in the presence of Ca*? than with a pure Pb*? solution. In addition, Cu?* and

Zn** display a synergistic behaviour.
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3.2.3. Diffusion Tendencies of Metals

The diffusion of metals from one phase to another or within a phase is an
important fate process that is of particular significance in soil. Cations bound to the
surface of minerals can diffuse into the interior of the solid phase. The relative diffusion
rates depend on the following characteristics: 1) Ionic diameter of the metal ion 2) pH
conditions. As the ionic diameter increases, the rate of diffusion into the interior of the
solid phase decreases (i.e. Cd**(0.97 nm) < Zn*'(0.74 nm) < Ni?*(0.69 nm)). In the
interior of the soil, these cations can neutralize the negative charge of the soil and remain
fixed in that location for indefinite periods of time (irreversible adsorption). With
increasing pH, the affinity of the oxide surface is increased up to the point where the
formation of hydrocomplexes inhibits the access to the soil surface.
3.2.4. Complexation of Metals in the Subsurface

As in aqueous media, complexation of metals occurs in the subsurface.
Frequently, the metal ions are coordinated to organic substances, mainly humic and fulvic
acids forming oligodentate complexes and chelates. Complex formation arises when
water ligands are replaced by other molecules. The ramifications of complex and chelate

formation are as follows:

1. Metal ions are prevented from being precipitated
2. Complexing agents can act as carriers for metals in the liquid phase

3. The toxicity of the free aqueous form is often reduced by complexation.
Mercury complexes are the exception to this rule (Merian, ((1991)).
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It should be noted that metal ions and ligands are acids and bases respectively and their
reactions to form metal complexes are acid-base reactions. As a result of these reactions,
a variety of metal speciation occurs, which is invariably dependent on their complexation

tendencies. Table 9 displays principal species of metals in soil.

Table 9 Speciation of Metals in Acidic and Alkaline Soils (Kotz and Purcell, (1 987)

Soil Type Iron Nickel Copper Zinc  Cadmium  Lead

| Fe (ID Ni (I Cu(ll)  Zn(D Cd (1) Py (1D
.._A___é_ia..i_;____..._.. - _ﬁ;ézz'........_w ,__..____NFZW-_ ——— ‘b}.g._. PO -_._....Z_.l.iz:;.__.., - . Cd2+ - _,_._._‘._i..gzi-.___ -

S FeSO,° ' NiSO,’ Cu** ZnSO,’ CdS0,° Org.
' FeH,PO," 'NiHCO;* ZnB(OH),"  cdcCI* PbSO,° |
S Org. . PbHCO;"
'Alkaline  FeCO;° ~ NiCOs°  CuCO;’® ~ZnHCOy  Cd*  PbCOS° ;
S Fe?* NiHCO;" Org.  ~.ZnCOs’  CdCI*  PbHCO;" |
FeHCO;* . ~Ni¥* ~ CuB(OH)y" - Zn* CdSO,’  Pb(COs)* |
FeSO,  NiB(OH)s" ' ZnSO4' = CdHCO;* PbOH' |

L ZnB(OH)4*

Org. = Organometallic forms

3.3. Summary of the Properties of Metals and Their Compounds in the
’ Environment

A summary related to the properties of various metals pertinent to environmental
engineering is necessary in order to determine their expected behaviour in aqueous and
soil media. The knowledge of their behaviour is paramount to the design and
improvement of any remediation technique. This section deals with a summary and

comparison of the properties of the metals found pertinent to the thesis objectives. Table

10 encompasses these properties.
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3.3.1. Nickel in the Environment

Nickel is a silver-white, hard but malleable metal that maintains a high luster and
is relatively resistant to corrosion. It has atomic mass of 58.71, a boiling point of 2732°C
and a melting point of 1453°C. Chemically, nickel has multiple oxidation states which
results in multiple forms of this element. The oxidation states of nickel include -1, 0, +1,
+2, +3, and +4 with the most commonly occurring valences being 0 (elemental state) and
+2. Typically, complexation with peptides can occur thereby reducing the redox potential
of the Ni*?/Ni*? couple from 4.2 V to 0.7-1.0 V and allowing for the formation of Ni*®
complexes to from under certain biological conditions. These valence shifts may be
responsible for nickel-induced free-radical reactions and lipid peroxidation.

Nickel, particularly when in its +2 oxidation is present in aqueous media in a
variety of water-soluble forms. These include nickel compounds of acetate, bromide,
chloride, flouride, iodide, nitrate, sulfamate and sulfate salts. Their high solubility
increases their mobility in the water thereby spreading contamination quickly. Nickel
exists in aqueous solutions primarily as the green hexaquonickel ion, Ni(H,O)s™ which is
poorly absorbed by most living organisms (Merian, (1991)).

There exist organic, lipid-soluble nickel compounds that can be potentially toxic.
Nickel carbonyl (Ni(CO)4%") is the most important compound in this group. At ambient
temperatures, nickel carbonyl is a volatile and colorless liquid that originates from the
Mond process for nickel refining and from chemical and petroleum industries. Insoluble
nickel compounds are also in great abundance in the aquatic environment. Nickel oxides,

nickel hydroxides, nickel sulfides, nickel arsenide, nickel chromate, nickel carbonate,
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nickel phosphate, nickel selenide and nickel titanate are compounds that fall into this

category.

Table 10 Environmentally Pertinent Properties of Metals (Kotz and Purcell, (1987)),
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(Rump and Krist, (1988))
Property Copper  Cadmium  Chromium Lead Nickel Zinc ;
o CuIp _CdI)  Cril)_ __PID Nl Zn(ID
Sources Mining Mining of Mining Mining Mining Mining
Zinc Ore Electroplating Smelting Refining Electroplating
Smelting Recycling  Electroplating
Disposal ;
Solubility CusS Cds Cr(OH), PbCO; Ni(CN), ZnS . :
K., in (8.7x10%%)  (3.6x10%)  (6.7x107") (1.5x10%)  (3.0x10°®) (1.1x10%)
parentheses) CuCO; Cd(OH), CrPO, PbSO, . NiS (o) Zn(OH),
(2.5x10"%  (1.2x10"%) (2.4x10"®) 1.8x10% - (3.0x107") (4.5x107"")
CuBr, CdCo, CrAsO, PbF, Ni(OH), Zn(CN),
(5.3x10°)  (2.5x107% (7.8x10" 3.7x10% (2.8x10°%) (8.0x10™'%)
CuCl, PbCl, NiCO,3 ZnCO;
(1.9x107) (1.7x10%) (6.6x10%) (1.5x10™"")
pH Effects pH<4.2 pH<6.6 pH<6.6 pH<4.2 pH<6.5 pH<6.6
on Mobility (mobile) (mobile) (fairly mobile) (mobile) (mobile) (mobile)
pH>4.2 pH=6.7-8.8 pH=6.7-8.8 pH>4.2 pH>6.5 pH=6.7-8.8
(slowly (fairly (mobile) . (slowly (immobile) (fairly mobile)
mobile to mobile) pH>8.8 mobile to pH>8.8
immobile pH>8.8 (immobile) iramobile) (immobile)
(immobile) ‘
Distribution 0.08 ug/L. 0.5 pg/L ** 0.3 ug/L 0.1-10 pg/L 1520 ug/L  0.003 - 0.6 pg/L
in Aqueous to
Media 0.8mg/L
Distribution 20-30 N/A 10-90 mghkg 1040 mgkg 50-100 mghkg  10-300 mg/kg
in Soil mg/L '
Reduction 0.337V -0.403 V -0910V -0.126 V -0.250V -0.763 V
Potential (E°)
Analytical Digestion Digestion Digestion for Digestion Digestion for Digestion for
Methods for soil for soil soil samples for soil soil samples soil samples
& Extraction samples samples samples
SFE SFE
SFE SFE SFE SFE
Measurement AAS AAS AAS AAS AAS AAS
(graphite (graphite
furnace) furnace) Photometry X-ray X-ray
with methylene fluorescence fluorescence
Mass Mass Spec. blue
Spec.
Atomic Iodometric
Emission titration
Spectra -



Table 11 shows the concentration of nickel, lead and other heavy metals found in typical
waste. The retention of nickel is primarily due the presence of organic matter,
precipitation (with hydroxide ions) and due to the tendency of nickel for hydrolysis. As
with all metals, the solubility of nickel compounds is dependent increases with decreasing
pH. Harter, (1983) demonstrated that nickel adsorption in soil primarily follows a
Langmuir (L-type) isotherm and is not as strongly nor as quickly adsorbed by a given soil
as is lead. At pH values of 8.0 and above, the isotherm behaves as an H-type (high

affinity) isotherm. Figure 11 shows adsorption isotherms of nickel versus pH and soil

type.

Table 11 Heavy Metal Concentration in Typical Wastes (Legret and Raimbault, (1991))

y
b

. Typeof @ Pb ~ Ni . Cu cd - Cr Zn Hg |
 Waste . - i ;

Unaltered 127 24 354 5 23 5277 35
: Si.tes‘
- (mg/kgmS)
Spiked 6721 1360 7 200 210 523 14 920 36.7

- Waste Sites
(mg/kg'mS)

Interstitial 14.9 2.7 21.5 2.2 0.9 262 N/A
Water
(mg/L)

- Metal 43 350 8770 46440 1350 3370 96 230 237
Stockpiles
(mg)

- Waste 273 553 293 8.5 213 607 1.5
(mg/kgmS)
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Figure 11 Adsorption isotherms for nickel in Delkalb A and B horizons of soil (Harter,
(1983))

At pH values below 6, it can be seen that nickel tends to remain in solution, as dictated by
the relatively high equilibrium solution concentration. As the pH increases to neutral and
alkaline levels, the solution concentration of nickel adsorbed to the soil three-fold. For
remediation purposes, these isotherms indicate that in order to recover nickel from soil
for decontamination, nickel ions must be made mobile by decreasing the pH, thereby
increasing the concentration of nickel in the mobile/liquid phase.

The degree to which nickel is hydrolyzed also dictates the fate of nickel
compounds in the subsurface. It can also have a direct affect on any remediation
technique. Once again, the speciation of nickel, as reflected by its degree to undergo
hydrolysis, and its variation with pH is shown in Table 12. At all pH values from 4.0 to
8.0, nickel speciation is 99-100% in the form of Ni**, it would be expected that any nickel
compounds that are adsorbed to the soil would be in the form of Ni**. Nevertheless, the

speciation of nickel (99-100% as Ni2+) is an indication of the high mobility of nickel in
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the subsurface, 1.5-2.5 times that of lead. This phenomenon shows the potential for

nickel recovery in problematic clay soil via solubility enhancement and electrokinetic

methods.
Table 12 Percent Speciation of Nickel with pH (Harter, (1983))
Species pH=4 PH=S pH=6 pH=7  pH=8
TN 100 100 100 100 99

- NiOH* = - 1

3.3.2. Lead in the Environment

Lead has an atomic number of 82, an atomic mass of 207.19 g/mol. It is a bluish-
white, soft metal with a density of 11.34 g/cm?, a melting point of 327.5°C and a boiling
point of 1740°C. In most inorganic compounds, lead has an oxidation state of +2. The
salts of Pb(Il), lead oxides and lead sulfide are not readily soluble in water, with the
exception of lead acetate, lead chlorate and to a lesser degree, lead chloride. Inorganic
Pb(IV) compounds are unstable and strong oxidizing agents. The behaviour of lead
differs greatly from that of nickel and therefore represents an interesting research
approach. The behaviour of lead, as with most metals, is primarily dependent on the
environmental medium in which it is located. Although trace concentrations of lead are
found in the atmosphere, this section will focus on the behaviour and properties of lead in

subsurface (soil and groundwater) and surface water environments.
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Table 11 shows the concentration of lead ions within typical waste. Due to the
low water solubility of lead compounds, lead is easily adsorbed to all clay soils. Harter,
(1983) showed the adsorption tendencies of lead for A and B horizons of Dekalb soils
with adjusted pH values. The equilibrium isotherms for lead at specified pH values for
theses soil types are shown in Figure 12. These soil types had CEC values in the range
of 10.7-18.8 cmol/kg, with an organic matter content of 0.91 to 4.3 % for horizon A and

horizon B respectively.

Dskalb 8

Pb

8.3
o
Ry 76
. 6.6
5.8
! *5.2
- L 4.5

01 02 03 01 02 03

Pb Adsorbed
(cmol/kg)

Equilibrium Solution Concentration (mmol/L)

Figure 12 Lead adsorption vs. equilibrium solution concentration at various pH values
(Harter, (1983))

Figure 12 clearly shows the adsorption tendencies of lead ions and the variance
with pH. At low pH values (<5.0), the concentration of lead adsorbed to Dekalb A and
Dekalb B soil is approximately 25% of that absorbed at pH values of 6.2 to 7.1. At all pH
values, lead obeys an H-type isotherm (high affinity), with strong adsorption and with a

very low equilibrium solution concentration. It is clearly shown that the adsorption of
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lead ions strongly depend on pH, with higher pH values promoting the adsorption of lead
onto soil surfaces.

Besides pH, other factors influence the adsorption/location of lead in the
subsurface. The organic matter content of the soil is a major factor contributing to the
retention of lead, particularly for pH-dependent adsorption (Hartman, 1983). Lead tends
to form organo-metallic complexes that obey the Irving-Williams series for stabilities of
metal-organic complexes.  While Irving-Williams studied soluble metal-organic
complexes a similar relationship is expected for soil organic matter, provided retention is
via complexation rather than metal-organic precipitation. In addition, retention of lead by
both insoluble humic and soluble fulvic acid has been reported (Yong, ef al, (1992),
Harter, (1983)).

The degree to which metals are hydrolyzed is a major factor determining the
amount of lead retained at any given pH. If it assumed that hydrolysis characteristics are
unaffected by soil colloids, the speciation of lead in solution can be predicted. These
values are shown in Table 13. Table 13 reflects the speciation that one might expect at
various pH values, and can allow for predicting the speciation of retained lead. In
addition, lead also partitions itself between different soil components depending on the
CEC and structure. This is typically observed in natural clay soils.

At pH=8.0, 33% in the form of Pb%**, 66% of lead solution species will be in the
form of Pb(OH)*, and 1% in the form of Pb(OH),". Since, only 1% of Pb(OH),’ exists at
this pH, retention to the soil in this form might be questioned. At lower pH values, one

would not expect to see lead in the form of Pb(OH),° in solution or in soil. Even at
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pH=6, the low percentage of Pb(OH)" would indicate that that the presence of lead in this

form in the soil would be questionable.

Table 13 Effect of pH on Probable Solution Speciation of Lead

- “Species. = pH=4 " pH=5 pH=6 PH= pH=8
Pb2+ N - __4..__1,6_0...,.,.. —— 100 .—..»..A—.~~§-8ﬁ».»--» ---—-w----—»-8—-3.-.r~»-<--.~»~»--- . 33 e
Pb(OH)" - - 2 17 66

Pb(OH),’ - - - LA |

Precipitation at high pH is another retention mechanism that causes the removal
of lead from the mobile liquid phase. The solubility of potential lead precipitates as a
function of pH is shown in Figure 13. Loss of Pb from solution above pH 6.0 can be
attributed to precipitation of a separate solid phase. The presence of carbonates,
hydroxides and sulphates in soil can promote the precipitation of lead; an already
immobile metal. Any remediation technique, particularly those involving mobilization

and systems that are pH sensitive, must take this phenomenon into consideration.

LogC
{mol/L)

4 5 6 7 8 pH

Figure 13 Solubility of lead precipitates versus pH (Harter, (1983))
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Lead and its compounds typically enter the environment and originate from
mining, smelting, recycling, gasoline stations or disposal processes. Global emissions
were about 500000 t/d around 1919, about 2 million t/d around 1940, and about 4.5
million t/d around 1970. Estimates of the dispersal of lead emissions into the environment
indicate that the atmosphere is the major initial recipient. However, due to the low water
solubility, lead is prevalent in soil (Merian, (1991)).

Mobile and stationary sources of lead emissions tend to be concentrated in areas
of high population density, and near smelters. From these emission sources, lead moves
through the atmosphere to various components of the environment. It is deposited on
soil, surface waters, and plants and thus is incorporated into the food chain of animals and
man. Atmospheric lead is also an important component of street dust. Furthermore, lead
is inhaled directly from the atmosphere, by humans and animals (Merian, (1 991)).

Merian, (1991) stated that the major part of lead found in the atmosphere results
from the combustion of leaded gasoline. Organolead emissions may result from the
production of trimethyllead (TML) and triethyllead (TEL) and from evaporation and
automotive emissions of unburned TML or TEL. Several reports indicate that
automobile traffic contributes about 90 % of the total atmospheric lead emissions. In the
USA, the annual lead emission from gasoline combustion was estimated to be 34 881
tonnes in 1984 (Merian, (1991)). This corresponds to 89.4% of the total lead emissions
in the USA. Other mobile sources, including aviation use of leaded gasoline and diesel
and jet fuel combustion contributes insignificantly to lead emissions into the atmosphere.

Organolead compounds, in particular TML and TEL, which are used as additives



in gasoline, are prevalent in urban areas at levels ranging from 5 to 200 pg/m>. Since
evaporation and automotive emissions of unburned TML or TEL are the main emission
sources, the highest concentrations are found in parking garages, gasoline stations, and
busy streets in central urban areas. The major part of atmospheric organolead is in the
vapor phase. Usually, organolead makes up to 5-10 % of the concentration of particulate
lead in urban areas (Merian, (1991)).

Mining, smelting, and refining as well as the manufacturing of lead-containing
compounds and goods may also give rise to substantial lead emissions. Particularly
smelters of lead ores are well known to create significant pollution problems in local
areas. Their effect on the surrounding air and soil depends primarily on the height of the
stack, the emission control devices, the topography and other local features. In general,
there is a zone of heavy soil pollution around the smelters,
which are caused by high levels of lead fall-out resulting from dust emissions from the

smelters.

The zone of high lead fall-out and soil pollution usually is extended to 5-10 km
from the smelter, depending on prevailing wind conditions, air temperature and climate.
The zone of high air lead levels is restricted to a smaller area. In the USA, the annual
lead emissions from primary lead smelters were estimated to be 1150 tons in 1984
(Merian, (1991)). Secondary smelters producing lead from scrap are comparatively small
but numerous and frequently situated close to human settlements. Several studies showed
that pollution in the surroundings of such smelters resulted in an increased lead intake of
people living nearby. Further stationary sources of lead emissions are coal-fired power

plants, incinerators of solid waste, sewage sludge or waste oil, and the manufacturing of
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lead glass, storage batteries, and lead additives for gasoline. The lead emission from coal
fired power plants located in the member states of the European Community has been
estimated to be in the order of 200 tons per year. In the USA, the lead emission from coal
and oil combustion has been estimated at 380 tons per year (Merian, (1991)).

The major fraction of lead in municipal wastewater results from lead-containing
dust fall-out, which reaches the drainage system with rain water. Studies show that the
concentration of lead, which can be present in the water in dissolved or particulate form,
varies greatly. It is dependent on traffic density, industrial emissions and climatic factors.
The values are of the magnitiude of 10 to 100 mg/L, and in some areas, several thousand
mg/L (Merian, (1991)). In the industrialized Rhine river, about 0.1 mg dissolved Pb per
liter and about 50 mg solid Pb per kg suspended particulate matter or sediment have been
found.

On a local level, special problems may arise with regard to waste and slag dumps
from lead mines and primary lead smelters. These waste materials may contain high lead
levels which are detrimental to agricultural and recreational areas. According to Merian
(1991), municipal waste contains about 0.3 mg lead per kg. In incineration, lead is
typically found in slag. From landfills, lead may be leached out at higher pH values.
Windblown dust in fly ashes from these deposits may also significantly contaminate the
surroundings including human settlements located there.

From a mass balance point of view, the transport and distribution of lead from sta-
tionary and mobile sources into other environmental media is mainly through the
atmosphere. Large discharges may also occur directly into natural waters and onto the

land, but in such cases lead tends to be localized near the points of discharge because of
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the low solubility of the lead compounds that are formed upon contact with soil and
water.

Depending on the particle size, airborne suspended particles may have a long
residence time in the atmosphere. Studies from remote areas indicate that lead-containing
particles are transported over substantial distances, up to thousands of kilometers, by
general weather systems. Increased lead levels have been observed in polar ice and
glaciers, resulting from long-range transport of lead containing airborne particles.
Fergusson, (1990) demonstrated that lead compounds (and some other metal compounds)
are enriched in mosses, in podzolic soils, in ombrotropic peat, and in other environmental
targets in southernmost Norway from deposition of long-range transported atmospheric
pollution (from the European continent).

Lead may be removed from the atmosphere either by dry or wet deposition. In
rural areas of Europe and North America the annual deposition rates are typically in the
range of 20-80 ug/m*/day. This contributes to the contamination of soil , groundwater and
surface water bodies. In Greenland and the Antarctic, values below 1 pg/m?%day have
been recorded. In large cities the deposition rates are about 1.5-10 times higher than in
rural areas. Typical values presently found in German and British cities range from
50-300 pg/m*day. Near busy highways, significantly higher levels have been found.
The highest recorded levels of lead deposition occur near primary lead smelters.

According to Merian, (1991), between 15 and 50 mg Pb**/L rain in Germany, and
a wet deposition of about 30 mg Pb**/m?day in rural regions, 50 mg Pb2+/m2/day in
urban areas, and 100-150 mg Pb**/m?/day in regions with a metallurgical industry. All

values varied with time and had a general decreasing tendency. Regarding deposition on
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forests, lead compounds are not concentrated in canopies as other metal compounds,
interception is important, lead compounds are introduced by stem-flow, but mobility in
litter is very low.

Lead in normal soil ranges from 10-40 mg/kg dry weight. Most values are below
20 mg/kg. In general, soils tend to reflect the composition of their parent materials. Due
to deposition, and the lack of mobility of lead, the top layers of soil usually contain higher
lead levels than deeper layers. Significantly increased lead concentrations in surface soils
have been found particularly in inner city areas, near busy highways and near industries
utilizing lead. In Montreal, deeper deposits of lead originate from backfill soil mixed
with fly ashes. Concentrations as high as 2000 mg/kg have been reported at contaminated
sites in Montreal and the surrounding areas. The lead content of lake and river waters
usually is in the range of 0.1-10 pg/L. It is always necessary to distinguish between lead
of the dissolved and suspended nature. The lead levels in ground and spring waters may
vary over a wide range depending on the particular geochemical conditions. The average
lead concentration in surface water depends on emissions and is about 0.01-0.03 mg/L
(Merian, (1991)) in deep ocean water it ranges from about 0.001 to 0.004 mg/L.
Atmospheric lead levels in remote continental areas fall in the range of 0.1-10 mg/m’.
Marine atmospheres generally contain less lead than continental air. The lowest
atmospheric lead concentration measured was 0.046 pg/m> found in the west winds of the
North Atlantic. Since the combustion of leaded gasoline represents the major source of
atmospheric lead, urban areas have significantly higher air lead concentrations than rural
areas. In the 1960s and 1970s the annual mean air lead levels in towns and cities in the

USA, Canada, and Europe were found to be in the range of 0.4-4.0 png/m>. In central ur-
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ban areas with high traffic density, air lead levels of up to 10 pg/m® were recorded. The
reduction of lead in fuel in the mid-1970s and the increasing use of lead-free gasoline led
to a substantial decline of atmospheric lead conbentrations in urban areas during the last
years. The air lead levels presently found in European and North-American cities are in
the range of 0.2-0.8 pg/m>. In rural areas the air lead levels usually are in the range of
0.05-0.3 pg/m>. Due to atmospheric transport of airborne lead, which may range over
hundreds and thousands of kilometers, even remote areas show increased air lead

concentrations when compared to "baseline” air lead levels.
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4. A COMPARISON OF CURRENT SOIL REMEDIATION TECHNIQUES
There exist numerous techniques for the remediation of soil in the environment.

In general, these techniques can be classified according to the role that they perform.

These roles are as follows:

1. Extraction: The removal of the contaminant from the soil-water matrix.

2. Immobilization: The removal of the contaminant from the liquid phase of the
subsurface.

3. Degradation: The biological transformation of an organic contaminant to a
less objectionable form.

4. Attenuation: Irreversible removal and transformation of contaminants. The
process functions as a sink.

5. Physical separation: the segregation of species based on differences in
physical properties.

A detailed description encompassing all the available soil remediation techniques
is beyond the scope of this review. However, in order to compare all of the techniques, a
table with judiciously selected criteria is to be formed. Table 14 and Table 15 provides a
comparison of the current in-situ and ex-situ soil remediation techniques respectively,
their applicability, effectiveness and general advantages and disadvantages. It should be
noted that this table solely provides a general comparison of soil remediation techniques.
The choice of techniques depends on proper site assessment of the area in question. In
addition, the relative effectiveness of each technique is also dependent on site

characterization and the chemicals that are present at the site location.
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Based on the comparison of available soil remediation techniques presented in the
previous chapter, there exists a lack of effective techniques for the decontamination of
heavy metals from soil. Generally, there are distinct disadvantages to all of these

techniques. These can be summarized as follows:

1. Most soil remediation techniques are non-extracting. With the exception of
soil washing and steam stripping (which are expensive) these processes only
transform, retard, attenuate or degrade metal contamination. As a result, metal
extraction for recovery and recycling is impossible. In addition, some of these
processes are reversible which can result in remobilization of contaminants.

2. The effectiveness of these techniques is lacking. Table 14 and Table 15
clearly show that the methods used to remediate soil are still in their infancy.
As a result, they are generally costly and/or ineffective.

3. The techniques that are highly effective do not allow for the reuse of the soil.
Techniques such as incineration and vitrification are highly effective in
decontamination of heavy metals from soil. However, they do not allow for
recovery of metals and the reuse of the soil for other purposes.

4. Ex-situ techniques have proven to be expensive. The cost of excavating soil
from the site constitutes over 50% of the total remediation costs.

5. These techniques do not allow for localization and subsequent removal. Due
to the nature of the soil and the technique applied, the majority of these
methods do not allow for localization (thereby minimizing the volume of
contaminated soil) and removal.

6. The effectiveness of the aforementioned techniques is drastically reduced or
rendered inapplicable for natural clay soil. Natural clay soil presents a
medium that makes remediation extremely difficult. Due to its low hydraulic
conductivity, high specific surface area, high cation exchange capacity, the
above mentioned methods are rendered ineffective or will take years for
decontamination to occur below specified limits. This is particularly true for
any process relying on transport and if the target contaminants are heavy
metals.
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Based on an extensive literature review, it has become apparent that the removal
of heavy metals using electrokinetics is a promising technique. Lead and copper removal
efficiencies of 75-85 % have been documented in laboratory scale tests using kaolinite
(inherently low pH) soil. In addition, the use of conditioning liquids and acids injected at
the cathode and/or anode have increased the mobilization of metals thereby enhancing
electrolytic migration and eventual removal. Electrokinetics has therefore shown promise
for the removal and recovery of heavy metals from soil.

Despite the potential effectiveness of electrokinetics for the removal of heavy
metals from soil, there are many problems and limitations inherent to this technique and

the research accompanying it. These problems are summarized below:

1. The development of high pHs at and near the cathode region. This results in
the precipitation of heavy metals in this area, thereby preventing their removal
at the cathode. In addition, a precipitation wall develops and prevents
electrolytic migration.

2. Limited research diversity. An extensive literature review has revealed that
most of the research related to electrokinetics has been performed on kaolinite
soil. This type of soil presents the simplest problem for heavy metal removal
since kaolinite has a natural pH of 4.5-5.0. This low pH is favorable to the
dissolution and mobilization of metals. In Quebec, bentonite, vermicullite and
illite soils are abundant and have pHs in the range of 10.5-11.5. This high pH
is not favourable to the dissolution of metals. As a result, electrokinetics on
these soil types will be more difficult. Research must focus on the use of
natural soil rather than strictly kaolinite soil.

3. Electrolytic migration of cations in clay soil is slow. This is due to the low
permeability of the soil and the low water solubilities of the heavy metal
contaminants (they will tend to be sorbed strongly onto the soil rather than
remain in the pore water where they can be transported electrokinetically).
Therefore, the mobility of these metal ions must be improved in order to
increase the efficiency of the process and reduce decontamination time.
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In order to ensure efficient removal of heavy metals from soil using
electrokinetics, these problems must be rectified or a combination of techniques must be
used. It is proposed that electrokinetics should be coupled with ion-exchange textiles for
the removal of heavy metals. These textiles have proven to be very effective in the
removal of metals from wastewater. In addition, careful placement of these textile will
ensure the removal of metals and alleviate the problem of excessive precipitation in the
cathode area. It is certain that this removal is more difficult in soil, however, with the use
of electrokinetics, electrolytic migration can be generated using an applied direct current.
In addition, this process should be applied to natural, fine-grained soil (non-
homogeneous) since this will better simulate field conditions and presents the worse case
scenario for electrokinetic flow. As stated previously, the use of kaolinite has been
extensive, but this does not simulate field conditions and it also presents an easier
medium for heavy metal removal since the inherent pH of kaolinite is acidic.

Since natural soil is being used, the problem of heavy metal mobility becomes
more critical. Due to high pH of the soil (pH ~ 11), the mobility of cations is not
favorable. As a result, they will tend to bind to the solid phase via sorption mechanisms.
Therefore, the pH of the soil must be lowered in order to enhance the mobility of these
heavy metals. The addition of a chelating or complexation agent (conditioning liquid)
can be used for this purpose. As mentioned previously, EDTA, NTA, HNO; and HC] are
suitable as conditioning liquid. Experiments related to type, concentration and injection
location (anode and/or cathode) for the conditioning liquid should be performed in order

to obtain the best configuration.
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The following sections deal with electrokinetics and some technologies that can
be employed in conjunction with electrokinetics (ion exchange and chelation), in order to
form a hybrid method. This hybrid method represents the scope of this thesis and will
allow for the enhanced mobilization, transport, localization and removal of heavy metals,

from natural clay soils.
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~ 5. APPLICATION OF ELECTROKINETICS
Electrokinetic soil processes are founded on the theories of electrochemistry and
the flow of fluids in porous media. The reference section of this report clearly displays
the pertinent and recent literature related to this topic. In order to represent electrokinetic
processes adequately from a theoretical standpoint, the process is subdivided into two

general groups as shown in Figure 14:

R ELECTROKINETIC E
PROCESSES
[

Darcy's Law (Fluid in

— Reactions at the Anode — Porous Media)

Reactions at the |

Cathode Electroosmosis

—— Electrophoresis

— Electrolytic Migration

Figure 14 Components of electrokinetics mechanisms in soil

- S.1. Principles of Electrokinetic Phenomena in Clay Soil
When an electrical field is applied to a system having charged particles, three
general transport phenomena are observed as outlined in Figure 14. Electrolytic
migration is the movement of ions within the pore water. Electrophoresis is the
movement of charged colloids, while electroosmosis is the movement of the pore water
within the subsurface, both in response to the applied electrical field. In essence,

electroosmosis can be seen as the dragging of pore water by traveling jons. Within a clay
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soil system, typically of low permeability, electrolytic migration and electroosmosis are
the dominant mechanisms and therefore comprise the focus for any mathematical model.
The term electrokinetics is used to describe the combination of these two transport
phenomena, when electrophoresis is deemed to be negligible. Of particular importance
are the basic reactions that occur at the anode and cathode of any electrochemical cell.
Although simple in nature, these reactions have serious ramifications on the soil that is to
be remediated, and therefore affect the removal of heavy metals from the soil matrix via
electrokinetic processes.

A system consisting of anode or cathode, a DC power supply and fine particle soil
between the electrodes will incite electrokinetic processes such as electroosmosis,
electrolytic migration and electrophoresis. With an applied DC current, non-spontaneous
oxidation-reduction reactions occur. The DC system continuously “pumps” electrons
into the cathode while removing them at the anode. Oxidation and reduction reactions
occur at the anode and the cathode respectively in order to maintain electroneutrality.

Figure 15 displays a typical electrokinetic process and a schematic diagram respectively.

H, Gas 0, Gas

Cathode Anode

O Cations (e.g. Pb )
at Anode O Anions(e.g. Pb-EDTA %)

OH Formation H* Formation

at Anode

Figure 15 Schematic Diagram of an electrokinetic cell
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Standard electrode potentials (E°) for oxidation-reduction half-reactions are a
quantitative indication of the relative tendency for a reaction to occur without the
application of an external potential. The order of preference for oxidation-reduction
reactions are for those that require the least electrical energy. In general, for soil
containing pore water, the principal anodic and cathodic reactions are shown in equations

[5.1] and [5.2] respectively (Acar and Alshawabkeh, (1993)):

Anode: 2H,0 = o,T + 4H"  + 4e [5.1]
Cathode: 4H,0 + 4e = 2H T +  40H [5.2]

Equations [5.1] and [5.2] are chemical representations of the typical response of an
electrokinetic cell. If there is an abundance of cationic species in the subsurface between
electrodes, electrolytic migration will be from anode to cathode. Therefore, anions will
tend to migration to the anode and cations towards the cathode. This results in a deficit of
anions and cations in the system, which therefore increases the production of H' ions at
the anode and OH’ ions at the cathode to maintain electroneutrality within the cell.
Equations [5.1] and [5.2] display the general behaviour of an electrokinetic cell
and how the subsurface environment between the electrodes can change with time. In
addition, they dictate the measures that must be taken to improve the removal of heavy
metals. The oxidation reaction at the anode shows that there is a production of hydrogen
ions, which will eventually lower the pH in the area. The constant production of
hydrogen ions coupled with the applied electrical field, causes dissolution and transport

respectively of these ions from anode to cathode, thereby producing an acid front. The
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rate of pH decrease is dependent on the buffering capacity of the soil and the current
efficiency of the cell. At the cathode, the formation of hydroxyl ions is prevalent, which
increases the pH. This increase promotes the precipitation of heavy metal ions (Pb** and
Ni?"), thereby removing them from the mobile liquid phase to the solid phase, where
electrokinetic transport is rendered ineffective. The precipitation “barrier” that forms in
the cathode region is the most significant problem in standard electrokinetics and must be
overcome in order to achieve a high heavy metals removal efficiency. At first glance, it
would appear that the hydrogen and hydroxyl ions would eventually meet at the centre of
the cell and neutralize each other. However, hydrogen ions have higher ionic mobility
values and will therefore travel farther than their hydroxyl counterpart (Acar and
Alshawabkeh, (1993)).
' .5.2. Mathematical Equations for Classical Electrokinetic Processes .

5.2.1. Modelling of Ionic/Electrolytic Migration -

As stated previously, when a DC electric current is applied to a soil system,
cations move toward the negatively charged cathode and anions move towards the
positively charged anode. Mathematical models can be applied to represent this
movement and predict how fast this movement will occur. The effective ion mobility is a
measure of how fast jons will migrate toward the oppositely-charged electrode. Acar and
Alshawabkeh proposed that the effective ion mobility may be expressed by the

Townsend-Einstein equation (Acar and Alshabwabkeh, (1996)):

u'=D'zF f [5.3]
RT §
Where: iy = effective ion mobility
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= effective diffusion coefficient [cm?/s]

= valence of the ion

= Faraday’s constant [96 487 coulombs/g-equiv.]
= universal gas constant {8.314 J/mol’K]

= absolute temperature [K]

H® TN

The effective diffusion coefficient is expressed by the following equation:

D' =Dn [5.4]
Where: D = diffusion coefficient of the ion at infinite dilution [cm?/s]
T = tortuosity factor
n = porosity

Diffusion, or the transport of ions in response to a concentration gradient, is taken
into consideration in equations [5.3] and [5.4]. It does not occur due to the applied
electrical field, but nevertheless occurs in clay soil. It should be noted that the diffusion

coefficient can be represented by Fick’s first law provided a concentration gradient is

known:
J=-D'[Cy/ax+ 6C,/dy +8C,/oz] | [5.5]
Where: J = flux density [g/L m?]
Ci = concentration of contaminant in 3-D space

In order to simplify its determination the length of the electrokinetic cell (or the
distance between the anode and the cathode) is taken to be significantly longer than the
width and the depth (1-D problem). This equation forms the foundation for representing
the effective ionic mobility in response to electrokinetic phenomena. Equation [5.3]

could be modified by introducing a potential term to represent the effect of the electrical
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field on ionic mobility. It should be noted that the formulae shown above, and those to
follow, represent possible mathematical representations of electrokinetic phenomena.
They are not governing equations for electrokinetics.

5.2.2. Modeling of Electroosmotic Flow

The most widely accepted theory for electroosmotic flow, is that net water flow
results when the transfer of momentum between migrating ions of one sign exceeds that
of the ion of the opposite sign. As cations flow to the cathode and anions flow toward the
anode, it has been hypothesized that water surrounding the ions is dragged along via
frictional forces. It has also been postulated that the dipole structure of water incites this
movement. However, a definite theory has yet to be developed. Since there are more
cations than anions in the electric double layer (EDL), a net flow of water towards the
cathode will occur. Based on this premise, EO flow is modeled using an approach that is

analogous to Darcy’s Law (Terzaghi, (1930), Eykholt and Daniel, (1994)):

ge = keleA = kil | [5.6]

= EO flow rate [cm3/s]

Where: Qe
ke = coefficient of EO permeability [cm?/V's]
ie = potential gradient [V/cm]
A = cross-sectional area [cm®]
k; = coefficient of water transport efficiency [cm?/As]
I = applied current [A]

It should be noted that since EO flow is not a direct function of pore size, there
can be significant water movement in low-permeability soils. This fact makes

electrokinetic processes favorable for the transport of ionic species in clay soils.
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5.2.3. Modeling General Contaminant Transport

General contaminant transport that typically occurs within the subsurface can also
be mathematically modeled. The complete model takes into account the hydraulic
transport mechanisms (advection, dispersion, diffusion) and those transport mechanisms
resulting from the applied electrical field. Acar and Alshawabkeh presented the
following equations to describe the transport of contaminants in the presence of an

electric and hydraulic field (Acar and Alshawabkeh, (1996)):

d(nci)) =-VJ;+nl; | [5.7]
Ji=Di'Vi(-c) + [ 211/ 2 ] i " V(- V) + cike V'(-V) + ¢y V(-h) o [5.8)
Where: Ji = mass flux of i contaminant
Ci = solution concentration of the i contaminant
V'(-V) = electrical potential gradient
T = mass removed from solution by retardation
Ki = hydraulic conductivity

V(-h) =hydraulic gradient

The first and fourth terms in equation [5.8] represent diffusion and hydraulically
induced advection respectively. The second and third terms represent transport via
electrolytic migration and electroosmotic flow respectively. This encompasses the
transport of contaminants via hydraulically induced and electrically induced phenomena.
The transport mechanism that dominates is dictated by soil permeability, grain size,

porosity and the nature of the contaminant.
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5.3. Summary of Practical Applications of Classical Electrokinetics

Numerous publications related to experimental and theoretical analyses of
electrokinetic processes and their applications to soil decontamination have emerged.
The publications, a detailed comparison and a summary of each are dealt with in Table
16. It should be noted that the use electrokinetic technology is relatively new, particularly
for transport enhancement and decontamination of soil. It has applications in the field of
geo-technical engineering for soil improvement (i.e. increasing shear strength and
dewatering), determination of soil properties (coefficient of permeability). However,
recent applications and detailed research has focused on the use of electrokinetics for
eﬁhanced transport, removal and recovery of heavy metals from soils having low
coefficients of permeability. This section provides an extensive review of the major

research breakthroughs and findings in the field of electrokinetics, from experimental and

theoretical standpoints.
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5.4. Conclusions Related to Classical Electrokinetics

Upon extensive review of the aforementioned publications, it is apparent that the
use of electrokinetic processes is a promising technique for the removal of heavy metals
from soil. Moderately high removal efficiencies have been documented and costs are
lower than comparable soil remediation techniques. This leads one to believe that
electrokinetic processes are a viable and economically feasible technique for soil
remediation, specifically for the removal of heavy metals from soil. However there are
numerous problems with this technique that must be overcome in order to increase the
efficiency of the metal removal.
5.4.1. Problem Related to High pH Development -

High pH development in the cathode region creates a precipitation barrier, which
has adverse effects on electrokinetic remediation. In order to maintain electroneutrality,
OH' ions are constantly produced at the cathode. These ions begin migrating towards the

anode at a rate that is a function of their ionic mobility.
2H,0 + 2¢ = H,T + 200 [5.9]

Classical electrokinetics does not allow for complete localization of heavy metals.
It performs well with respect to inducing the transport of metals in the mobile phase from
anode to cathode. Upon entering the cathode region (an area of high pH), these metals
form insoluble or slightly soluble precipitates, thereby ceasing their transport via
electrokinetic methods. This allows for the moderate localization of heavy metals to

approximately 20-30% of the original contaminated soil. Acar and Alshawabkeh (1996),
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performed a pilot-plant study for the electrokinetic remediation of lead-spiked kaolinite
(see Table 16). Their study showed that lead can be transported efficiently through the
soil close to the cathode compartment. However, it cannot be transported to the cathode,
due to the development of a high pH barrier in this area (as a result of OH" formation at
the cathode). As a result, the lead ions were precipitated thereby preventing the efficient
localization and collection of lead. The energy expenditure was measured to be 700
kWh/m?, and was concluded to be dependent upon the chemical equilibria of the targeted
species, current density used, enhancement techniques employed, electrode type,
geometry and spacing and extraction levels targeted.

The same problem was observed in the research performed by Eykholt, et al.,
(1994). The effect of system chemistry on electroosmosis in soil contaminated with
copper (II) was examined. It was shown that the electrokinetic flow was greatest in cases
where the pH in the soil was at its highest, in the case when the kaolinite was free of
copper and for the case in which citrate had been added to the kaolinite initially. Adding
citrate to the anode had a positive effect on electroosmotic flow. To the contrary, some
soil treatments produced a reversal in flow direction. The major problem that occurred
was the development of high pH values at the cathode, which decreased the flow and
hampered the removal of copper. Pamukcu, er al, (1992) performed detailed
experiments related to the removal of various heavy metals using -electrokinetic
processes. It was concluded that this technology was found to be promising and that
kaolinite soil provided the best efficiency for flow due to its low pH (prevents excessive

precipitation). The significant transport mechanism was electrolytic migration. In
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addition, the significant problem encountered was the inability of heavy metal removal at
the cathode due to precipitation at this location.

Elektorowicz, (1995), dealt with the technical requirements related to
electrokinetic removal of contaminants from soil. One of the major requirements was
lowering the pH in the cathode region in order to allow for increased mobilization and to
make heavy metals accessible to electrokinetic transport. This is increasingly difficult in
natural clay soil. This is of particular importance in the removal of heavy metals from
soil.

5.4.2. Limitations of Classical Electrokinetics in Relation to Soil Type

The type of soil used during electrokinetic extraction affects the overall removal
efficiency achieved. The majority of research in classical electrokinetics has focused on
kaolinite soils, which have inherently low pH values (4.5-5.5) and lower CEC values than
natural clay soils. Acar and Alshawabkeh, (1996), Yeung, et al., (1996), Reed et al,
(1995), Eykholt and Daniel, (1994), Segall and Bruell, (1992), Pamukcu and Wittle,
(1992), Hamed et al., (1991) all utilized kaolinite soil, which represents a best case
condition for maintaining heavy metals in the liquid phase. A low soil pH promotes the
mobilization of heavy metals, thereby placing these metals in the mobile, liquid phase.
This makes them accessible to electrokinetic transport (electrolytic migration). Natural
clay soil, as used for this thesis, presents a more difficult remediation and recovery
problem due to increased sorption, higher initial pH, higher CEC, lower concentration in
the mobile phase. This renders classical electrokinetics less effective, due to the fact that
it can only transport those metals which are in the liquid phase. Therefore, a means by

which the mobilization of heavy metals can be augmented, must be developed.
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Lageman, (1989) performed a field-scale electrokinetic extraction of numerous
heavy metals from natural clay soil. The localization and removal efficiencies were low
to moderate, due to the high initial pH of the soil. Choudhury and Elektorowicz, (1997)
utilized natural clay soil during electrokinetic experimentation, coupled with IETs. The
removal efficiency was moderate. The principal obstacle was maintaining lead and nickel
in the pore water phase. This was difficult due to the inherently high pH values of natural
clay soil (7.5-7.6). The formation of OH" ions at the cathode compounded this problem.
5.4.3. Problems Related to Mobilizing Heavy Metals During Electrokinetics

In order for electrokinetics processes to be successful, the heavy metals must
remain in ionic form (in the liquid phase) so that they can be transported to desired
locations. The low water solubility of lead and nickel, the high pH development in the
cathode region and the CEC of the soil, prevents the mobilization of heavy metals. The
problem becomes more difficult in the case of natural clay soil where, high CEC values
and high initial pH values are observed. As shown in Table 16, Reed ef al, (1995) used
acetic acid and hydrochloric acid in anode and cathode reservoirs in order to maintain low
pH values in the system. Allen and Chen, (1993) used EDTA for recovery of lead and
copper from soils during electrokinetic processes.

Despite some research with chelating agents, definitive conclusions related to
their effectiveness during electrokinetics are limited. In addition, the use and
applicability of chelating agents in natural clay soils has not been examined. This type of
soil represents a difficult case for heavy metal mobilization, due to its inherently high pH
and CEC. There exists a discrepancy between the effects of various conditioning liquids

(acids, chelating agents, etc.) on the efficiency of metal removal. Further research is
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required in order to determine the advantages of these conditioning liquids in the field of
electrokinetics, specifically in the domain of natural clay soil.

The problems related to classical electrokinetics, as discussed above, display the
need for improvements to the existing technology. One of the limitations with classical
electrokinetics is that the heavy metals must be accessible to electrokinetic transport (i.e.
they must be in ionic form). The use of chelating agents has shown to be effective in
mobilizing heavy metals in kaolinite, but their use in natural clay soils is non-existent. In
addition, they do note promote the localization of heavy metals. A hybrid technology is

required to create optimum mobilization, transport, localization and removal of heavy

metals from natural clay soil.
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6. ION EXCHANGE TEXTILES AND RESINS
Ion exchange textiles and resins have been widely used for the treatment of
wastewater contaminated with polyvalent metallic cations. However, IETs have not been
applied to soil for the localization and removal of heavy metals from soil. There exist

two broad classifications of jon exchange materials. This classification is as follows:

1. Inorganic ion-exchange materials

2. Organic ion-exchange resins

Inorganic ion-exchange materials are those related to natural clay soils while organic
forms are generally formed through the copolymerization procedures of styrene and
divinybenzene (Harland, (1994)). This chapter deals with the most significant ion-
exchange textiles and resins, their structure, properties and applications. Finally, a
detailed comparison of these materials will be dealt with, as this is important to the
selection procedure.
6.1. Inorganic Ion-Exchange Materials

Inorganic ion exchange materials were the first widely used type for ion exchange
processes. Clay minerals (aluminosilicates) such as kaolinite, illite, montmorillonite,
chlorite and vermicullite possess a natural ability to exchange cations which makes them
instrumental in the ion exchange process. It is these minerals that comprise the
significant inorganic ion exchange materials (Harland, (1994)). The basic structural unit
making up the layer lattice silicates if the silica tetrahedron (SiO4)*. The reader is

referred to chapter 2 for a description of clay minerals and their structure.
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Double layer lattice silicates display high cation exchange capacities greatly in
excess of that attributable to specific surface area, crystal fracture and edge effects.
Isomorphous substitution in the octohedral layer, resulting in charge deficiencies in the
layer lattice is the principal contributor to the high CEC values. Since isomorphous
substitution occurs in the octohedral layer, the resulting positive charge deficiency is
relatively delocalized with respect to the inter-lamellar plane (Harland, (1994)).

As a consequence of weak inter-layer bonding, the montmorillonite-type minerals
can expand reversibly during the sorption of solvated ions, and are often termed
expanding layer lattice silicates. The capability to expand gives montmorillonite-type
materials high CEC values. Mica structures are not capable of expanding and therefore
have low CEC values, comparable to those of the single layer lattice type. The major
contributors to cation exchange for micas are high specific surface areas and low particle
sizes. Illites are transitional between kaolinites or micas and montmorillonite, and their
exchange capacities are impossible to systematically quantify. Table 17 shows typical
cation exchange capacities of some layer lattice silicate minerals. These values are
pertinent to the selection of the most suitable inorganic exchange material for a particular
ion exchange process. Although this is an important parameter, it does not comprise the
only criteria by which the selection is made.

6.2. Organic Ion-Exchange Resins

Organic ion-exchange resins have come to the forefront of membrane technology

and continued experimentation is being performed in this area. Organic resins are

produced through a specific type of polymerization reaction known as addition or vinyl
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polymerization. This reaction consists of free radical induced polymerization between
reactants (monomers) carrying ethenyl (or vinyl) double bonds (-CH=CHj3). The actual
reaction is shown in Figure 16. It should be noted that the synthesis of the resin is shown
as occurring in two stages for easier comprehension. However, the complex

polymerization reactions occur simultaneously.

Table 17 Cation Exchange Capacities of Various Silicate Minerals (Yong, et al., 1992)

<. Structural Type: . - Mineral Designation Cation Exchange
- Capacity -
(mequiv/kg)
'.‘:-"S\‘ingléLa)féta;; 7 Kaolinite 77730130
T Halloysite (2H,0) 50-100
Livesite 400
Muscovite (mica) - 100
Illite (hydrous mica) . 100-400
Glauconite ‘ 110-200 . A
Pyrophyllite : 40 ' :
Talc 10
_ " Double Layé_i*" b Montmorillonite . 700-1000
- (expanding lattice) = - Vermicullite 1000-1500 :
R A T Nontronite 570-640
Saponite 690-810 i
Three-_-diniensiohal_ (
, o : i
e Dense L'at'ticef Felspar (orthoclase) 20
Quartz 50 :
e Open Lattice Zeolites 300-600
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Figure 16 Addition polymerization of a styrene sulfonic acid cation exchange resin
(Harland, (1994))

Ion exchange resins are classified according to their composition, function (anion
or cation exchanger) and the solution used for the activation of the polymer. As a result,

the following classification occurs:
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1. Styrenic cation exchange resins (strong and weak acid)
2. Acrylic cation exchange resins (strong and weak acid)
3. Styrenic anion exchange resins (strong and weak base)

4. Acrylic anion exchange resins (strong and weak base)

These types will be discussed briefly in the section to follow.
6.2.1. Styrenic Cation Exchange Resins

Styrenic cation exchange resins are formed through the free radical
copolymerization of two miscible monomers, namely ethylbenzene (styrene) and
diethylbenzene (divinylbenzene, DVB). The reaction is highly exothermic, and is carried
out in an aqueous suspension whereby the mixed monomers are immiscibly dispersed as
spherical droplets throughout the reacting medium, thereby resulting in discreet beads of
copolymer being formed (Harland, (1994)).

Activation of the copolymer is carried out by sulfonation of the matrix with hot
sulfuric acid thereby introducing the sulfonic (fixed, negatively charged ions) functional
group onto the matrix. This functional group gives a strongly acidic cation exchange
resin. Subsequent treatment of the sulfonic acid resin with brine or sodium hydroxide
solution gives, via ion exchange, the sodium sulfonate salt form (RSO;Na). Therefore,
sodium is utilized as the exchangeable cation due to its small atomic size and charge. It
should be noted that weakly acidic cation exchange resins of this type can be formed

using a carboxylic acid derivative instead of sulfuric acid as the polymer activation agent.

90



6.2.2. Acrylic Cation Exchange Resins

Acrylic cation exchange resins utilize propenoic (acrylic) monomers instead of
ethylbenzene during copolymerization with divinylbenzene (DVB). For example, the
methacrylic-divinylbenzene weakly acidic cation exchanger is formed by
copolymerization DVB and methylpropenoic acid. Typically, the derived copolymer is
further subjected to an acid hydrolysis stage which results in the carboxylic acid
functional group (fixed ion) as shown by the following equations (Harland, (1994)),

where R and R’ are organic radicals (e.g. methyl group):

R-C-R’ (polymer) + 2H,0 — R-COOH (carboxylic acid) + R” [6.1]

R-COOR’ + HO — R-COOH +R’OH [6.2]

Currently, a bifunctional cation exchange resin displaying strongly acidic and
weakly acidic groups simultaneously is being researched. However, they are not in
commercial use at present.

6.2.3. Styrenic Anion Exchange Resins -

Styrenic anion exchange resins have the same styrene-DVB matrix as their
cationic counterparts, but the preformed copolymer is subject to two further synthesis
steps:

1. Chloromethylation. The reaction between the copolymer and
chloromethoxymethane with aluminum chloride as the catalyst introduces
chloromethy! groups (-CH,Cl) into the styrene nuclei.

2. Amination. Trimethylamine, (CH3);N results in the quartenary
benzyltrimethyl-ammonium chloride functional group (RCH,N(CH;)3*Cr.
This functional group gives the resin its strong base anion exchange

characteristic. If methylamine or dimethylamine is employed, the resulting
resins are weakly basic.
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The range of amine functional group configuration is vast because of the
availability of many copolymers and amine derivatives. However, most commercially
available styrene based anion exchange resins are bases on weakly based secondary or
tertiary amine functional groups or strongly based quartenary ammonium grouping.

6.2.4. Acrylic Anion Exchange Resins

Acrylic anion exchange resins demonstrate beneficial exchange equilibria and
kinetics towards large organic ions compared with styrenic structures. The reason for this
phenomenon lies with the greater hydrophilic nature of the aliphatic skeletal structure of
the acrylic matrix. This in turn forms a weaker van der Waals type attraction between the
resin matrix and the hydrocarbon structure of an organic counter ion.

Typically, methyl propenoate is utilized as the monomer for copolymerization
with DVB to form the resin matrix. The matrix is relatively flexible due to the fact that it
can be used in three ways as described by functionality (Harland, (1994)):

1. Weak Base Functionality. Amination with dimethyl aminopropylamine

(DMAPA) introduces a tertiary amine functional group.

2. Strong Base Functionality. A subsequent quartenization step employing
chloromethane (methyl chloride) cenverts the weak base product to the
strongly basic quartenary ammonium resin.

3. Bifunctionality. Are obtained by physically mixing weak and strong
functional resins.

All three types of acrylic anion exchange resin mentioned above are widely used

commercially for the treatment of wastewater, but have not seen any use for soil

decontamination. In the future, as the need for soil decontamination becomes urgent, the
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applicability of these types of resin could be expanded towards the subsurface domain,
namely problematic clay soils.
6.2.5. Specific Ion Exchangers

Specific ion exchangers exhibit the ability to uptake one or not more than a few
particular jons. This specificity is typically due to the fact that these ions form strong
complexes with, or are precipitated by a certain class of compound. Therefore, ion
exchange resins incorporating such class of compound, exhibit a high affinity for such
ions. Such an exchanger has a great potential and usefulness in analytical chemistry and
forms a foundation for commercial recovery or purification processes.

The chemistry of common heavy metals is characterized by their ability to form
coordination complexes and chelates with electron pair donating ligands. Therefore, any
resin containing iminodiacetate functional groups or ethylenediaminetetraacetic acid
(EDTA) shows strong affinity towards many polyvalent and transitional metal cations.
Table 18 displays the commonly used organic ion exchangers, the functional (ionogenic)
group that gives them their specificity and metal affinity.

.-~ 6.3. Characterization of Ion Exchange Materials and Resins-

Knowledge related to the characterization of ion exchange resins is important
because a data summary or data specification commonly accompanies commercially
formed resins. In addition, an understanding of the terminology contained in these
summaries is of paramount importance since it encompasses the pertinent properties of

the resin in question. Table 19 deals with the main properties of ion exchange resins.
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Table 18 Specific Organic Ion Exchangers (Harland, (1994))

Ionogenic Group L Specgﬁcdy
Iminodiacetate Fe, N1 Co Cu, Ca, Mg
-CH,-N(CH,COO), i - ;
Aminophosphonate Pb Cu, Zn, Ca, Mg
~CH,-NH(CH,PO3)*
Thiol; Thiocarbamide Pt, Pd, Au, Hg
o R -SH; -CH,-SC(NH)NH,
. Styrene-DVB . N-methylglucamine B, (as boric acid)
. N -CH,N(CH3)[(CHOH,4)CH,0H] i

Ph nol-formaldehyde’ " Phenol; Phenol-methylnesulfonate Cs . T
. R S0 -C5H3(OH); -C6H2(0H)CH2803- .

Table 19 Classification of Properties for Ion Exchange Resins (Harland, (1994))

‘Property - . e DDescription
'PHYSICAL PROPERTIES

. => color and texture of resin beads :
=> diameter of resin particles
*. = Dego/Dio ‘
" = particle size distribution :
© . = mass per unit volume (bulk or resin)

. Shlpplng welght ot weight of the swollen resin per Vpui

e Percent whole beads - = proportion of unbroken resin beads

0 Sphenclty -; *.- = percent of perfectly spherical beads

,CHEMICAL PROPERTIES

.. Matnx (polymer structure) = styrene-DVB or acrylic-DVB

e % Crosslinking - => as measured by % DVB

‘o Functional group . => the fixed ion (strong or weak)

¢ Ionic form ST => cation or anion exchanger

o Water content . ' = Waater Wresin

.o Jon exchange capacny = dry weight (eq/kg)or wet vol. cap. (eq/Liesin)

L4 ',Sa.lt sphttmg capac1ty = strongly functional component of a resin’s capacity
e pHrange @ . => the range at which the resin is efficient

‘e Chemical stabﬂlty ' - =>resistance to degradation due to sustained exposure
o Thermal stability .~ = maximum allowable temperature

. Revemble swelhng . = observable volume changes that occur (hydration)
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6.4. Properﬁes and Comparison of Ion Exchange Materials and Resins

A comparison of inorganic and organic ion exchange materials, coupled with a
comparison of resins within the organic category is necessary to the selection process.
Knowledge of the applicability, lifespan, and various advantages and disadvantages is
paramount to the successful selection of the appropriate resin for the particular need.
Table 20 deals with a comparison of inorganic and organic ion-exchange materials and
resins, while Table 21 and Table 22 display comparisons of the typical and most widely
used organic cation exchange and organic anion exchange resins respectively.

6.5. Ion Exchange Theory

In equal concentrations, multivalent cations with large atomic radii and atomic
charges, are adsorbed more strongly than sodium. As the water comes into contact with
the medium, the following reaction occurs instantaneously (Peavy et al., (1985)), where

[R] is the exchange media:
Cation™ + Anion™ + 2Na[R] = Cation[R], + 2Na® + Anion [6.3]

The engineering requirements for the ion exchange process are summarized in
Table 23. A schematic drawing of the ion exchange process is shown in Figurel7. The
exchange of cations continues until all of the exchange sites on the medium have been
filled. At this point, metals become evident in the effluent and the medium must be
regenerated. A concentrated NaCl solution (5% to 20%) is used to remove the hardness
on the medium by ‘reverse’ ion exchange. It should be noted that the solution must be of

sufficient concentration to overcome the high ionic charge and ionic size of the
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multivalent cations on the medium. The medium can then be regenerated with a less

concentrated sodium chloride solution.

Table 20 A Comparison of Organic vs. Inorganic Ion-Exchange Materials/Resins
(Harland, (1994))

.~ Description - Inorganic Ion-Exchange : Orgaru'c Ion Exchange Resins |
T S Materials - !
- Advantages 1. High CEC values for double 1. Hydrophlhc form that is regular
PN . layer clays. and readily reproduc1ble R
.. 2. High specific surface S 20 Increased application ﬂex1b1hty ?
area. Y (allow for the mtroductlon of .
Fo .. solution that can alter the resin
-+ 3. Excellent thermal stability. " from a cation exchanger toan

~ anion exchanger.

3. High pH flexibility (most resins
. are eﬂic1ent in all pH ranges)

4. 'i_Can increase e the porosrty of the
-/ resin and make the structure

- macroporous (decrease orgamc _
fouling), by adding a solvent

- (methylbenzene)
Disadvantages 1. Lack of flexibility (cannot " Some degree of heterogenelty T
o choose the type of exchange - ~ due to the copolymerization . - !
(anionic or cationic). process. Homogeneity is still |
- better than inorganic ion-
2. Lack of chemical stability exchange materials.

toward electrolyte solutions. ‘
2. Lifespan of the resin is lower !

3. High pH sensitivity. The due to its susceptibility to i
exchange of metalsonto the = microbial degradation.
surface is highly dependent
on pH. 3. Subject to organic fouling ,

which can make the {

4. Heterogeneous material regeneration process difficult.

(results in concentration of
ions in locations of high
specific surface area).

s L L T
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Table 21 Properties and Comparison of Organic Cation Exchange Resins (Harland,
(1994)), (Murviev et al., (1995))

Strong Acid Type . Weak Acid Type

Matnx T <-§tyréne-ﬁi.\-/i'"r“1yl'6éhzene w—x‘c':.f;'ii‘c-Divih‘}_'ﬁl—Benzene

‘Structare Gel Gel

Macroporous . Macroporous'

!
:
i
H
]
i
3

Functional Group.

Functional Group. =~ -~ - ~S05* - ~co0
(fixed fon type)~ . - - ' o

(both gel and macroporous)  (both gel and macroporous)
Na" (Gel and Macroporous) H" (gel)

H' (Gel and Macroporous) H*-(inaérbpdfqps) o

L g sy be— st non 8 1

Gel: 2.0 (Na), 1.8 (H) " Gel:42

_ Macro.: 1.8 (Na), 1.6 (H) _.Macroporoué: 3.0 "
'pH Range of Applicability 0-14 (Gel) | 414@Ge) |
RO R 0-14 (Macroporous) S 4-14 (Macroporous)

Thermal Stability 120°C 120°C

Macro.= Macroporous
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Table 22 Properties and Comparison of Organic Anion Exchange Resins (Harland,

(1994))

Propery... -

N

_Matrix

Functional
-Group -
(:fi__xed‘ ion)

Wet
Volume:
Capacity .-
(keg/m’) - -
pH Range

Thermal
Stability

Strong
Base

(Type 1)

‘Styrene-
DVB

Gel
Macro.

-N(CH;);"

cr

Gel: 1.30

Macro.:
1.15

0-14

80°C

Gel: 1.30

.

' “Strong

“Base

(Type )

Styrene-

NCH.

(CH,CH: |

on* -
N Lcr

014

50-60°C

Strong
Base

(Type 3)

Acrylic-
DVB

Gel
Macro.

-N(CH);"

cr

Gel: 1.25

Macro.:
- 1.20

0-14

75°C

T Weak

" Base

(Type D)

~ Styrene-

- DVB

:_._':' Gel o
- Macro.

N(CH:);

- Gel: CI

.Macro.: .

- Free Base
Gel: 1.20

1.25

0-9

100°C

DVB: Divinylbenzene

Macro.: Macroporous structure
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Weak
Base

(Type 2)

'Acrylic;
DVB

Gel
Macro.

-N(CH;),

Free Base

Gel: 1.60

Macro.:

"~ 1.00

0-9

60°C

Mixed:
Base

 Acrylic-

DVB

N(CH:);

Cl or Free
Base .

Gel: 1.30

Ma(_fro.:
130

0-14

35°C

g it e re



Ion exchange is currently being used as the primary technology in the removal of
metals. It has proven to be effective in removing heavy metals such as cadmium, lead
mercury and selenium. Its diversity as a softening and heavy metal removal technology

has led to its wide use.

Table 23 Engineering Requirements for the lon Exchange Process (Peavy et al.,, (1985))

;Engmeenng Requtremems : . __ Amount Requzred B ,
Volume of Medmm‘ : S o Depends on inflow and amount of hardness
“Tank: _' 2.0-4.0m
s ) ~Depends on inflow and amount of hardness
"Coricentration of Salt for R ‘egeneranon 5.0-20.0 %
Mass of Salt Required for Regeneration 80-160 kg/m’ of medium :
N:‘ .\'.-.-' N:' Na*

2

2077
#4%

catt Cat® Cat’ Ca®t
+ - - +
Anien Anmion Anion Anian

Resn wath At ro Rean with
Na® + R exchanpe W Ca?* + R “
adssrbed G s A adsorbed

Figure 17 Schematic diagram of the ion exchange process (Peavy et al., (1985))

6.6. Applications to Wastewater and Sludge Treatment

Ion exchange has been extensively applied for the removal of heavy metals with
moderate efficiency. Maliou er al., (1992), through various experiments, studied the

removal of Pb and Cd (simultaneous contamination) with the use of zeolites, specifically
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clinoptilolite as an exchange medium. This mineral has four cation exchange sites which
make it highly conducive to ion exchange. Concentrated sodium chloride was used as the
exchange liquid. Various conditions related to temperature and grain size were explored
in order to determine which ones affect ion exchange efficiency. For Pb ion exchange,
temperature caused an increase in the amount of Pb exchanged (0.1-0.2 meq/g), while
grain size did not affect the ion exchange efficiency. For Cr ion exchange, the efficiency
is augmented at higher temperatures using finer clinoptilolite grains. This is in agreement
with basic ion exchange theory as exchange efficiency tends to increase with smaller
grain size due to the larger specific surface area provided.

In addition to these condition specific phenomena, the rate of ion exchange was
very fast for the early stages of the experiment for both Pb and Cd at temperatures of
25°C and 50°C with grain sizes of 0.6 - 1.0 mm. This indicates that ion exchange is a
relatively fast process that enables the removal of heavy metals from wastewater in short
periods of time which is a critical criteria in wastewater treatment selection.

D’Avila et al. (1992), have displayed the effectiveness of heavy metal removal
using activated peat as the exchange resin. Peat has an exchange capacity of 2000
meq/kg and provides a medium for fast exchange of heavy metals thereby removing them
from wastewater. Removal efficiencies of 99 %, 97 %, 96 %, and 94.5 % for Cd, Zn, Ni,
Cr, and Cu respectively. The most attractive feature of this ion exchange process is the
relatively short period of time that this removal takes place. These removal efficiencies

were achieved in 7-10 minutes. The kinetics of ion exchange are described by the

following equation:
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Cavg - Ceq= ¥t | [6.4]

Co - Ceq '
Where: Ceq = ion concentration at equilibrium
Co = initial ion concentration
Cavg = average ion concentration

Peat is a very effective exchange material that has proven to be efficient in the
removal of heavy metals at concentrations of 40-50 g/m>. The optimum pH for ion
exchange with peat was determined to be 5. The speed at which ion exchange takes place
makes this method highly desirable.

- 6.7. Recent Advances and Applications

Recent advances and applications have emerged in the field of ion exchange
materials. These advances have resulted in more effective and more flexible ion
exchange techniques using resins. Table 24 summarizes the major and most recent
applications of ion exchange, which have emerged in recent years. From this table, it
should become evident that many innovations have emerged and that the full applicability

of this technology has not yet been realized.

Table 24 Applications of lon Exchange Resins in Water and Wastewater

Author and Type of Resin Selectivity " Results and
Date e . . Conclusions
McNeffand Quarternized p- ‘ e zirconia based resin
- Carr (1995) Polythylenimine-Coated  alkoxybenzoic performed better than
B " Zirconia ‘acid silica based resins
Anion Exchanger e chemical stability from .
pH=110 13 '
e high thermal stability
was realized
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... Aminomethylphosphonic
) (AMP) Resins

- Cation Exchanger

Iminodiacetic IDA) and - Cuz*', Zn*"

eion exchange of IDA
resin proceeds faster at
higher temperatures (at
80°C rather than 40°C)

e temperature did not

influence ion exchange
rate for AMP resin

e exchange of Zn**
proceeds faster the
Cu®* for both resins

e separation of ions can
proceed by a dual
temperature
fractionation process

asey

Cation Exchanger

'Yang, Burban, Cross-linked terpolymers Cu®* e these resins are
Cussler (1995) . (allyl acetylacetone, 2- : effective for the ,
SNSRI hydroxyethyl selective exchange of !
<. methacrylate, ethylene cupric ions
= .. glycol dimethacrylate e exchange is further 5
- synthesis) enhanced by
controlling the pH
Cation Exchanger (pH=2.1 using HNO;)
eresins have a low
capacity (0.07 meq/g)
at 0.1 M Cu**

o the effect of feed
concentration on
breakthrough is much
greater than the effect
of changing feed
velocity

Liand - Polystyrene-DVB plastic Ca*", Y, Pb>* exchange on the resin
Schlenoff - resin coated with sulfonic was achieved using a
~ acid (SO5” fixed ions) sulfonation procedure

erate limiting process is

diffusion through a
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thin film solution at the

surface rather than

mass transport through 5

the polymer

i

“ 1. poly (1,1-dimethyl-3,5- -

f : - dimethylenepyrrolidiniu
" m) chromate

Polystyrene-DVB coated B:

with polyelectolytes:

dimethylene

piperidinium) chromate

2. hexadimethrine

. chromate

3. poly (1,1-dimethyl-3,5-

Cation Exchanger

. euse of electrophoretic

movement and resins
for the separation of
inorganic ions

e the polyelcctrolytes
were shown to be
capable of reversing
the direction of flow

e electroosmotic flow
was relatively constant
(£16%) in pH range
6.5-10.0 with the use
of each polyelectrolyte,
while a 400% change
was observed in the
absence of these
polyelectrolytes

b

T, e,

uha, Yu Hollow-fibre liquid g - efeed concentrations
Basu, and ' membrane Hg2+, Pb** ranged from 90-500
Sirkar (1994).  Cation Exchanger . ' mg/L

e successful removal of
all metals mentioned
previously

e copper was removed
and concentrated by
countertransport

e the resistance of the
membrane varies
inversely to influent
flow rate

® maximum mass
transfer rate is
achieved by
maximizing the
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interfacial area and
minimizing resistance

WA

Composite Membranes
(polymers)

_. Anion Exchanger

. e testing for membrane

resistance during
electrodialysis

e electrical resistance of
the anion-exchange
membrane was
increased by the
formation of

polypyrole

o the formation of a thin
polypyrole matrix in
the desalting side of
the anion exchange
membrane may
decrease the resistance

.-+ Styrene-DVB pc;lymer Ca?f, _Cd?’_'; e
:+ coated with Cu’, Ni%, S
iminodiaceteate o

/- Cation Exchanger
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e strong complexes are
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6.8. Conclusions Pertaining to Ion Exchange Textiles and Resins

The use of ion exchange resins and textiles in the treatment of water and
wastewater containing heavy metals has been extensive and well documented. Table 24
showed numerous research efforts and applications of ion exchange resins with varying
degrees of effectiveness. Based on the literature review performed, the sole uses of ion
exchange technologies (resins or textiles) for soil remediation is lacking. Elektorowicz,
(1995), Elektorowicz, et al., (1996a) and Choudhury and Elektorowicz, (1997) have
studied the use of ion exchange textiles (IETs) during electrokinetic methodology for the
removal of lead and nickel from natural clay soils. The removal efficiencies obtained
indicate the potential application of IETs for soil remediation. The principal drawback
related to its use in conjunction with electrokinetic methodology is that heavy metals do
not remain in the pore water phase, due to the low water solubility of lead and nickel
compounds and the high cation exchange capacity of the soil. As a result, a percentage of
the contaminants are not accessible to electrokinetic trapsport, and therefore never make
it to the textile.

This fact presents the need for a hybrid technology, employing electrokinetic
methods (for transport), chelation with EDTA (enhanced mobilization) and ion exchange
textiles (localization and removal). Using EDTA in conjunction with electrokinetics and
IETs increases the solubility of heavy metals and results in more contaminants being
located in the pore water phase, thereby making them more accessible to electrokinetic
transport. There is a need to choose a textile that complies with the electrokinetic system
(e.g. electrical field). In addition, ion-selective textiles can be employed in cases where

contamination is iimited to a few species of heavy metals.
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Some obstacles exist related to the use of IETs in soil. For example, fouling and
increased resistance in the soil during electrokinetic treatment are ramifications related to
the use of IETs in soil. Nevertheless, its use presents a potentially effective method for
localizing and removing heavy metals from clay soils, particularly during a hybrid process
(i.e. in combination with electrokinetics and chelation). Research in this domain is
required to determine the overall effectiveness of IETs in soil, specifically its use in this

new hybrid technology.
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~-7. BEHAVIOUR AND APPLICABILITY OF ETHYLENEDIAMINETETRA-
s ACETIC ACID (EDTA) FOR THE CHELATION OF HEAVY METALS
i -IN THE SUBSURFACE

7.1. Characterization of EDTA

Ethylenediaminetetraacetic acid (EDTA) is a highly branched and high-molecular
weight acidic compound. EDTA has a specific gravity of 0.86, a molecular weight of
292.25 g/mol, is slightly soluble in water and tends to exist as white, odourless crystals.
Due to its ability of form strong water soluble chelates with most metals, EDTA has been
extensively used to extract heavy metals from contaminated soil, through solubility and
mobility enhancement (Yeung and Menon, (1995)). Ethylenediaminetetraacetic acid is a
tetraprotic acid that is commonly abbreviated as H;Y, where Y denotes the EDTA* ion
As stated previously, it is slightly soluble in water and typically dissociates into a wide

variety of species such as: H3Y", HzYz', HY3', and Y*. The respective pK, values are

shown in Table 25.

Table 25 EDTA Speciation and pK, Values (Yeung and Menon, (1995)).

Ionic Spécies » pIZ,,
Ly 4 2.76
HY* . 6.16

b S 1026

a PK. values are at 20°C with the presence of 0.1 M KNO,

Each EDTA ion can coordinate bond to a metal at six different sites, namely, each
of the four acetate sites and the two nitrogen sites, which have free electron pairs

available for coordinate bond formation. The structure and configuration of the metal-
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EDTA complex is shown in Figure 18. The numerous coordination sites inherent to

EDTA ions creates complexes that are highly stable and favourable to chelation

technology.

. Metal Ion (e.g. Pb**or Ni*")

Figure 18 Structure and location of metal-EDTA complexation sites (Yeung and Menon,
(1995)).

7.2. Metal-EDTA Complexation Theory =

When a metal cation comes into contact with an EDTA (Y) ion, numerous
complexes can result. A complex of the form MY, a protonated MHY complex, hydroxo
complex MY(OH),, and a mixed complex MYX can result, where X is a unidentate

ligand. The simplified complexation reactions are shown below (Yeung and Menon,

(1995)):
MY+ Y* e MmMy™ [7.1]

M™ o+ H + Y o  MHY" [7.2]

M™ o+ OH + YY" <  MYOH)" [7.3]
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The log of the stability constants for the MY"* and MHY™® Pb-complexation
reactions are 18.0 and 2.8 respectively. MY™* and MHY™ stability constants for various
metal are shown in Table 26. This gives an indication of the expected speciation of
metals complexes and allows the engineer to determine the applicability of EDTA for

solubility enhancement and extraction potential.

Table 26 Stability Constants for Metal-EDTA Complexes (Allen and Chen, 1993))

_CationicForm - logKyy  LogKmyuy |
cd* L1650 2.9 ;
Ca2+ SR 1007 N 3.1 ’
o L 2300 2.3
Cu” 188 3.0 5
F82+ - 143 - o 2.8 ;
el it | 14 ;
sz; 2.8 :
Y 3.9
M§2+ 3.1
— o 3.1
.- Nickel - - - Ni** =
— Zine Zn”" =

These high stability constants, particularly for the MY™™* complex indicate that these
complexes will remain in these water soluble forms and that EDTA is potentially useful
in enhancing the sequestration and mobilization of lead, nickel and other heavy metals in
contaminated soil. In natural clay soil, the use of EDTA has the potential to keep more
heavy metals in the solution phase, thereby allowing EK methods to transport an
increasingly higher amount of metals. It should be noted that if EK methods are used
with EDTA, electrolytic migration will tend toward the anode, due to formation of

negative metal-EDTA complexes.
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Research pertaining to combining the use of EDTA with electrokinetics to treat
natural clay soil is limited, but nevertheless presents an interesting hybrid approach to in-
situ mobilization and subsequent transport and recovery of heavy metals from natural clay
soil. Based on the stability constants for lead and nickel metallic and hydrometallic
complexes, the utilization of EDTA presents a suitable method for the sequestration and
solubility enhancement of lead and nickel ions in natural clay soil. In addition, the six
possible exchange sites on the EDTA ion enhances the degree of complexation. The use
of EDTA coupled with electrokinetic methods presents a technology that results in
enhanced mobilization of (via EDTA) and efficient transport of lead and nickel ions in
natural clay soil. This would otherwise be difficult without the solubility enhancement

created by the utilization of EDTA.
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- 8. ACCOMPLISHMENT OF RESEARCH OBJECTIVES

The problem scope and objectives of this research effort are based on the inherent
deficiencies of classical electrokinetics and on the need to develop and analyze the system
parameters related to an effective technique for the in-situ remediation of natural clay
soils, particularly those sites contaminated with heavy metals. At present, the most
effective remediation technique is ex-situ slurry-phase treatment, which is costly and
requires full excavation and transport of contaminated soil. The following section
encompasses the principal objectives that are to be accomplished. These objectives can

be summarized as follows:

1. To analyze and verify the effectiveness of lead and nickel mobilization
from natural clay soil using ethylenediaminetetraacetic acid (EDTA) as a
chelating agent.

2. To study the electrical parameters (current, potential and resistance) and
the effect of EDTA and textiles on the spatial distribution.

3. To study the spatial soil pH distribution in response to EDTA addition,
textile utilization and EK methods in comparison to standard EK and
combined EK-EDTA methods. This is performed after the completion of
the process and is important, as these pH changes dictate removal
efficiency. ,

4. To analyze and verify the effectiveness of lead and nickel removal from
natural clay soil using electrokinetic processes, ion selective textiles and
enhanced complexation with EDTA.

5. To study the effectiveness of the ion-exchange textile in the removal and
localization of lead and nickel. In addition, to study the effect of the
textile in alleviating the effects of the high pH zone in the cathode region.

6. To conclude on the overall behaviour and effectiveness of EK methods,
ion exchange textiles, and EDTA-chelation for the localization and
removal of heavy metals from natural clay soils.
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7. To verify the applicability of supercritical fluid extraction (CO,) for the
extraction of lead, nickel, calcium, iron and potassium from soil and
textile samples. This extraction technique is to be used as an alternative to
acid digestion.

8. To determine the overall applicability of this hybrid process as a possible
in-situ field remediation and recovery technique.
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. 9. EXPERIMENTAL METHODOLOGY

The description of the experimental setup and the analytical methods used in all
experiments for obtaining experimental data and results was required in order to verify
the accuracy and precision of all the parameters measured. To accomplish the objectives
outlined in Chapter 9, a series of experiments were performed using a strict methodology.
Figure 19 summarizes the methodology that was employed and it encompasses this thesis.
This chapter deals with a description of the parameters measured during and after
experimentation of both EDTA-EK (Experiment F5) and EDTA-EK-Textile (Experiment
F6) experimentation.

-9.1. Seil Characterization and Preparation

The proper characterization and preparation of the soil was important in order to
ensure that the experimental procedure was accurate. They represented limiting factors
for the accuracy and precision of this experiment. Special attention was taken to ensure
that the same procedure was used for soil characterization and preparation as was used in
previous experiments. This maintained the consistency between experiments and allowed
for accurate comparisons and inferences to be made. As a result, a batch of soil (15-20
kg) was prepared in advance or obtained from various agencies. In order to properly
characterize the soil, Table 27 displays the tests that were performed before
experimentation.

The soil was predominantly fine-grained (passing though the No. 200 sieve)
material of clay nature. For experimental purposes and for documentation, the soil was

designated as 6-4. A detailed characterization of the soil was performed and a variety of
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parameters were obtained. Figure 20 shows the soil mineralogy and Table 28 summarizes

the results that comprise. this characterization.

Table 27 Tests for the Characterization of Soil

- Parameter Obtained

Réi;;so_n(s) Jor Performing the Test

Sieve analysis

Grain size distribution for
particles not passing
through No. 200 sieve

_.Hydrometer

Grain size distribution for

particle passing through
No. 200 sieve

To separate fine grained and coarse
grained material. The coarse
grained material can be further
crushed to the desired ﬁneness

To obtam the ﬁne-gramed portxon ’

of s01l

Extractlon and’

' Supercntlcal Fluld' -
:  of the soil (K, Ca, Pb, Ni,
Atqn__uc abso_rptmn

Initial metal composition

Fe)

. To characterize the mineral

‘soﬂ.-- _

s eatmoroes Do v et vt g

composition of the soil. Can dictate
the CEC value and how much {
contammant will be sorbed by the

Affects the locatlon of metals (on

RISV P

: Catlon Exchange_-' : CEC
.Capaclty (CEC) ’ the s011 or in the pore water phase) !
_Sulfate Content - Sulfate concentration Affects nickel complexation :

Carbonate content.':;’

Carbonate concentration

- Affects precipitation -

Orgamc Matter

Affects the sorption of substances |

1989)

Percent organic matter
_Content_
Initial pH pH of soil " To see how much the pH has
(Rump and Krist, changed due to electrokinetic
: processes and due to the addition of

condmonmg liquid.
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LEGEND:

EDTA: Ethylenediaminetetraacetic acid (Disodium form)

SFE: Supercritical Fluid Extraction

CET: Cation Exchange Textile ~AET: Anion Exchange Textile

pH Analysis j€4—

Development of a
new procedure for
Pb and Ni extraction -
from soil -

!

Atomic absorption
Spectrophotometry.

AET

v

Evaluation of
a new hybrid
method

- - e = - = A e vm = = an . o

)

Figure 19 Experimental methodology
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Oiilite

B Chlorite
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21.0
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(a)
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H Albite (Na)
HPilagioclase
DAlcalin

O Biotite

M Mica/Smectite
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I Kaolinite

B Amphibole

M Dolomite

®

Figure 20 Normalized soil mineralogy (%): a) General composition, b) Component
breakdown
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Table 28 Results Pertaining to Soil Characterization for Experiment F6

meter Measared - Value

Mineral Composiion " SecFigue27

Cation Exchan ie Capaclty : 21 meq/100g

pH 7.60 + 0.05 :
‘Orgamc Matter Content . 3%
-Carbonate Content . .- . 4.5 % i
Total Kjeldahl. Nltrogen (TKN) 0.042 %
jSpeclficGravnty R 2.753 |
Sulfate Test -~ =~ = 0.6 ppm as SO, !
MebalContent . “-_: S - Fe: 273 mg/kg dry soil '

K: 176 mg/kg dry soil
Ca: 250 mg/kg dry soil
Ni: 31 mg/kg dry soil
Pb: 9.3 mg/kg dry soil

Following the characterization, the soil was prepared for placing into the
experimental cells. The following steps underline the complete preparation of the soil for

its implementation into the electrokinetic cells:

1. The soil was shredded and air dried for 96 hours to allow for the removal of
pore water.

2. After air drying, the soil was milled and crushed until fine-grained clay
material was obtained. Sieves were utilized in order to verify that the soil
particles were sufficiently fine. The soil was then weighed.

3. On the same day of the experiment, a 1000 ppm solution of lead chloride and
nickel chloride (source of contamination) was added to a known mass of dry
soil, to be used on the anode side of the textile so that a 40-45% water content
could be obtained. The soil was tamped in-situ to minimize the presence of
air bubbles, which can effect the efficiency of the EK process.
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4. The soil was then air-dried for 96 hours again, crushed and sieved using the
aforementioned procedure. Ethylenediaminetetraacetic acid (0.1 M) was
added to the soil so that a 40-45% moisture content was achieved.

5. The soil was then placed into the cells in five layers. Tamping was performed
on each layer in order to minimize air pockets. After each cell was filled, all
cells were weighed for initial cell mass.

It should be noted that both the characterization and preparation of the soil for all
experiments represented standard methods in order to maintain consistency and allow for
accurate comparisons between experiments. It was paramount to maintain this
consistency because if the soil used is not the same and/or not prepared using the same
methods, the entire experimental procedure and subsequent results that follow will be
useless for comparison purposes.

9.2. Pertinent Parameters Measured: Experiment F5 and F6

The parameters measured encompass a complete analysis of the electrokinetic
process, the processes occurring in the proximity of the textile and those occurring on the
textiles themselves. In order to ensure that a detailed analysis of heavy metal removal
using this process was achieved, a series of sampling and testing procedures were
performed to accurately obtain the required parameters. Table 29 summarizes the
parameters measured prior to, during and after experimentation. Each sampling and
method of measurement that was utilized will be discussed in detail in the sections to
follow. The parameters measured in the EK-EDTA-IET (F6) experiment were similar to
those measured in the EK-EDTA (F5) experiment. The principal differences were that

potential measurements were made at the textile locations using platinum probe

electrodes placed on both sides of each textile. In addition, the metal concentration for
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the soil in the proximity of the textile and on the textile itself was measured. FEach
sampling and method of measurement that was utilized will be discussed in detail in the

sections to follow.

Table 29 Summary of the Measured Parameters and Analysis Performed for All
Experimentation

Parameter Measured Frequency of Storage Used in

T A Measurement Procedures Which

SN o S S . Test

Initial Soil Moisture - Once . -N/A" - F5&F6
ntent .- v Lo T

Once . NA F5 & F6 |

i

i [Priorto

i | Experiment
!

s Metal content (Ca,

“Electrical Parameters Daily " NJA  F5&F6
‘(current and potential) - ' f

‘pH and volume of the Daily Eachsample @ F5&F6 .
‘Cathode Liquids (taken daily) was ; g;';:';fmen .
o : stored in a 20 m! :
sampling vial
and stored at :
room ,
- temperature :

pHofSoil =~ Soil was sampled Samples were F5&F6 i
U SR at known storedina | Aner
distances and  refrigeratorat E:g;rf-:n;rln (to
analyzed forpH  5°C-7°C ‘ e

i
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",talContent of Sonl .. Soil was sampled All soil samples o
i from the cells at an

known distances.

ISCO ,
Supercritical fluid
extraction was
used and the
extract obtained
was placed in
. vials filled with
© 10 mL of distilled .- -
water E

Atomic
absorption was
used for
obtaining metal
content.

The textilein ~ ~All textile F6
each cell was cut ,_samples were
insix equal  storedina’
segments. reﬁ1gerator at.
5°C-7°C

Meml Content on. th |

ISCO
Supercritical fluid
extraction; The
extract was
collected in 10
mL of distilled
water

Atomic
absorption
spectrometry
metal content
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9.3. Experimental Setup and Cell Configuration

The experimental setup and cell configuration consisted of a cell skeleton made of
rigid polyethylene. In all experiments, the cells had the same dimensions (L=23.5 cm, w
= 5.3 cm and d= 5.3 cm). Based on previous experiments and on literature previously
studied (Elektorowicz, (1995), Elektorowicz, et al., (1996b)), perforated tubes were used
(diameter = 1.0 cm) as cathode and anode, fixed to the cell at an edge-to-edge distance of
16.0 cm. The cathodes and anodes were made of stainless steel and although the
performance of graphite electrodes is high (Elektorowicz, (1995)) graphite electrodes
stainless steel oxidizes more than graphite, stainless steel performance is higher,
producing 3-4 times the electrokinetic flow (Acar, et al., (1996)).

The cathode extended through the cell, in order to permit the attachment of a 20
mL sampling vial at the bottom. This facilitated the collection of liquid samples on a
daily basis. A reservoir attached to the anode was used where the supply of conditioning
liquid was required.

The textile was placed judiciously in order to alleviate the problem of high pH
formation at the cathode. Based on experiments performed previously by Elektorowicz
et. al., (1996a)), high pHs develop within 3.0-3.5 cm of the cathode for an anode-cathode
distance of 16.0 cm. In addition, pH values lower than that of the original soil occur
within 3.0-3.5 cm of the anode. Therefore, the ion exchange textiles were placed 3.0-3.5
cm from the edge of the electrodes. It was assumed that the placement of the AET would
alleviate the problem of anionic precipitation near the anode and will allow for the

localization of anions (i.e. metal-EDTA complexes).
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The electrodes extended through the cell, in order to permit the attachment of a 20
mL sampling vial, which was attached to the bottom of the cathode, and/or anode if
necessary, in order to facilitate the collection of liquid samples on a daily basis. Silver
probe electrodes, 0.10 mm in diameter and spaced 1.0 cm apart were used for potential
measurements. For increased sensitivity and due to their chemical inertness, platinum
probes (0.05 mm in diameter) were used on both sides of the textile. Potential
measurements were obtained every 24 hours, at each probe electrode location for the
entire duration of the experiments.

The electrodes were attached to the DC power supply, using silver wires. The
ammeter was attached in series to the electrical system. A TES Multimeter was used to
measure the voltage gradient within the cell. This allowed for the determination of the
resistance distribution and permitted the monitoring of electrokinetic phenomena during
the experiments.

9.3.1. EDTA-EK Experiment (Experiment F5)

The experimental setup and cell configuration for the EDTA-EK experiment
represented one that was easy to construct and easy to reproduce for future experiments..
Two cells were used in experiment F5 (designated F5C1 and F5C2), and their dimensions
were identical. Schematic drawings of cell 1 and cell 2 are shown in Figure 21 and
Figure 22, respectively. The cells differed in the mechanism used for the supply of EDTA
and the liquids collected. For cell 1, 0.1 M EDTA was supplied directly through the
cathode (from the bottom), and therefore liquid was not collected in this area. For cell 2,
0.1 M EDTA was supplied through a porous sand zone of the same cross-sectional

dimensions of the cell. The porous quartz sand zone was 1.5 cm in thickness and was
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located 1.5 cm from the cathode (edge-to-edge). A perforated plastic PVC tube, 0.5 cm
in diameter, was employed in the sand zone in order to supply the EDTA. The PVC tube
was similar in shape to the stainless steel electrodes employed for the electrodes. Silver
probe electrodes, 0.10 mm in diameter were spaced 1.0 cm apart and were used for
potential measurements.

9.3.2. EDTA-EK-Textile Experimentation (Experiment F6)

Similar to experiment F5, the experimental setup and cell configuration for
experiment F6 represented one that was easy to construct and easy to reproduce for future
experiments. Six cells were used in experiment F6 (designated F6C1 to F6C6, inclusive),
and their dimensions were identical. Each cell skeleton was made of rigid plastic with the
same dimensions as those cells used in experiment F5. The electrodes, as shown in
Figure 23 were made of stainless steel with perforations within the electrode to allow for
the supply of additional contaminant for the duration of the experiment. Similar to
experiment F5, the electrodes extended through the cell, and a 20 mL sampling vial was
attached to the bottom of the cathode in order to facilitate the collection of cathode
liquids on a daily basis. Silver probe electrodes, 0.10 mm in diameter were spaced 1.0
cm apart and were used for potential measurements. At the textile location, platinum
probes (0.05 mm in diameter) were used instead of silver due to their increased

sensitivity. It should be noted that the same soil was employed in both experiment F5 and

Fé6.
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Figure 21 Configuration of Cell 1 (F5C1)
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The cells differed in the number, location and type (anion and/or cation exchange)
of textile utilized and whether the soil was contaminated or non-contaminated. It should
be noted that the textiles were located 3.0 cm from the edge of their respective electrodes
(i.e. anion exchange and cation exchange textile were located 3.0 cm from the edge of the
anode and cathode respectively). Schematic drawings of cell 1 through to cell 6 are
shown in Figure 24 to Figure 29 respectively. Actual photographs of the cells during
experimentation are shown in Appendix B (Figure B-1 to Figure B-8) at the end of this
thesis. Table C-1 (Appendix C) provides a summary of each cell in Experiment F6,
including the type(s) and location(s) of textiles, whether contaminated or non-

contaminated soil was present and which cells contained EDTA.

Electrodes

Figure 23 Stainless steel electrodes used in all experimentation
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- AET (platinum probe on each side)
Silver probe 3.0 cm from edge of the anode
electrodes Thickness = 0.2 mm
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Figure 24 Experiment F6: Configuration of Cell 1 (F6C1)
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Figure 25 Experiment F6: Configuration of Cell 2 (F6C2)
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Figure 26 Experiment F6: Configuration of Cell 3 (F6C3)
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Figure 27 Experiment F6: Configuration of Cell 4 (F6C4)
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Figure 28 Experiment F6: Configuration of Cell 5 (F6C5)
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and cathode) 3.0 cm from edge of the cathode 3.0 cm from edge of the anode

Thickness = 0.2 mm Thickness = 0.2 mm

Contaminated soil (PbCl; + NiCl,, 1000 ppm)
0.1 M EDTA

Cathode Pt Probes (D0.02 cm) Anode

s o~ 16.0 em - __‘_'NX—”N -

w110

Soil in the proximity
of the textiles Supply of water
P N 7
Cathode liquid LT AT _
sampler s

Figure 29 Experiment F6: Configuration of Cell 6 (F6C6)
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9.4. Characteristics and Preparation of the Textiles

Both anion and cation exchange textiles were used in Experiment F6. Both textile
types were obtained from “L’Institut des Textiles de France” and were artificially
constructed of synthetic polymers. The cation exchange textile was of the strong-acid
type consisting of a sulfonic group (HSO5) as its primary functional group. The anion
exchange textile was a strong base anion exchanger consisting of a quartenary ammonium
group as its primary functional group. The properties of the textiles, resembled those
discussed in the sections of this thesis pertaining to strong acid cation exchange and
strong base anion exchange resins. The reader is referred to Chapter 6 for the
characteristics of ion exchange textiles. The principal difference was the material used, in
this case a textile rather than a resin.

Each textile was cut into a size that matched the cross section of the cell, which
was 5.3 em x 5.3 cm. No activation was required, except that the textiles were placed in
petri dishes filled with distilled water for 5 days before their use. On the day of the
experiment’s initiation, two platinum probes were inserted on both sides of the textile in
order to measure the potential across the textiles. Figure 30 shows a schematic diagram

of the textiles used in this research.

53 cm
< >

53cm

Figure 30 Schematic diagram of the textiles utilized
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9.5. Apparatus, Reagents and Equipment

The following section deals with a summary of the significant apparatus and

equipment used in this experiment.

9.5.1. Cell Construction a'nd‘Experiment'al Setup

e Apparatus and Equipment
- Four Stainless steel electrodes (D = 1.0 cm (i.d.))
- 96 Silver probe electrodes (D = 0.10 cm)
- 12 Platinum Electrodes (D-0.02 cm)
- 30 ml plastic sampling bottle (sampling of cathode liquids)
- Flexible plastic tubing (D=1.0-1.5 cm)
- DC power supply (see Figure B-9)
- TES Scientific Multimeter (see Figure B-10)
- EDTA and water supply reservoirs

® Reagents

- 1000 ppm solution of PbCl; and NiCl>

Prepared from stock of PbCl; and NiCl, 6H,0
- 0.1MEDTA
Prepared from Disodium Ethylenediamine Tetraacetate
Fisher Chem Alert Guide
M.W.372.24 g/mol
Pb (0.005%)
Iron (0.01%)
Nitrilotriacetic Acid (0.1%)

9.5.2. pH Measurements

e . Apparatus and Equipment
- Fisher standard multimeter
- Mechanical shaker
- 20 ml sample vials
- 10 ml graduated pipettes

® Reagents
- Distilled water
- Buffer solutions (pH=7 and pH=10)
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9.5.3. SFE-AAS:System for Heavy Metals
e Apparatus and Equipment
- 10 ml reusable plastic cartridges
- ISCO Two-Chamber SFX 220 Supercritical Fluid Extractor (SFE)
- Perkin-Elmer Flame Atomic Absorption Spectrophotometer (AAS)
® Reagents
- 1000 ppm solution of PbCl; and NiCl,
- 0.1 M EDTA (see section 9.5.1)

- Standard solutions of Calcium (5 ppm), Iron (5 ppm), Lead (20 ppm),
Nickel (5 ppm), and Potassium (2 ppm)

9.6. Measurements; Sampling, Data Retrieval and Analytical Methods:
Experiment F5

In order to properly analyze the overall effectiveness of this enhanced technology,
a myriad of samples were obtained related to the principal aspects of experiment FS. In
addition, standard data retrieval procedures were used during the experiment that
continued to be used in future experiments. Table 29 summarized the entire sampling
regime along with the data retrieval methods and storage procedures that were used.

9.6.1. Measurement of EDTA Supplied (Experiment F5)

The volume of EDTA supplied was regulated through the use of a supply system
connected to graduated cylinders for easy daily measurement. Each cell had a separate
reservoir for the supply of the chelation agent. Transparent, flexible rubber tubing was
connected from the graduated cylinder to the bottom of the anode (below the cell) for the
supply of EDTA. Hydraulic pressure head was used as the driving force for this supply.
Initial and final readings were taken from the graduated cylinder in order to obtain the

actual volume supplied. This entire configuration allowed for the easy and inexpensive
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measurement. In addition, the supply system is modular, thereby allowing for its
disconnection and reuse in future experiments.
9.6.2. Soil Sampling Procedures (Experiment F5) -

As summarized in Table 29, the soil was sampled in approximately equal
thickness and at known distances. Eighteen samples were obtained from cell 1 and cell 2.
The soil from both cells were sampled from the middle row and not from the periphery of
the cells. The sampling configuration is shown in Figure 31. The large number of
samples was necessary in order to obtain an accurate representation of the pH and the
metal content of the soil and their variation with distance. In addition, the number of
samples are necessary in order to verify the degree of mobility of the heavy metals within
the soil and to see if metals were concentrated in any given area, thereby adversely
affecting the removal efficiency. The method used for the determination of soil pH and

metal content will be discussed later in this report.

Ml | M2 | M3 | Mé | M5 | M6 M7 | M8 M9 | M10 } M1l Mi2 Mi13 Mi4 MI1S | Mi6 | MI7 Mi8

F5C1

M1 M2 M3 | M4 MS | M6 | M7 M8 M9 | Mio Mi11 M2 | M13 | M4 | MIS | MI6 | MI7 | MI8

FSC2

Figure 31 Soil sampling configuration for F5C1 and F5C2 (experiment F5)
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9.6.3. Determination of Cathode Liquid and Soil pH (Experiment F5)

The determination of pH values for both the cathode liquids and the soil were
performed using standard pH tests. The pH meter was periodically standardized using
pH=7 and pH=10 buffer solutions. As stated previously, liquid from the cathode was
extracted daily and directly measured for pH using a standard multi-electrode
pH/voltmeter. A standard Fisher multi-meter was used for these pH measurements.
Since these samples were liquid, additional preparation was not necessary.

Additional sample preparation was necessary for the determination of soil pH. As
a result, 3.0 g of crushed air-dried soil from each sample was paced in a 20 ml vial.
Distilled water (7.5 ml) was added to the soil. The suspensions obtained were shaken for
1 hour and allowed to settle for 0.5 hours. The pH of the supernatant was obtained once
the reading became stable. The measurement of each sample took 5-7 minutes.

9.6.4. Supercritical Fluid Extraction and Atomic absorption Spectrophotometry

Supercritical fluid extraction, using 0.1 M EDTA (modifier) and CO,
(supercritical fluid) was used in the preparation of samples for metal content analysis
using atomic absorption spectrophotometry (AAS). It represented a newly formed
analysis technique for the extraction of heavy metals from natural clay soil. Extensive
preliminary testing was performed, as will be discussed in chapter 10, to determine the
viability and applicability of this method. Reusable plastic, 10 mL SFE cartridges were
used. The soil samples were oven dried at 105°C and crushed. 1.0020.01g of soil was
placed in each cartridge. 9.0 mL of 0.1 M Na;EDTA was added to each cartridge and the

mixture was shaken for 2 hours at 60 rpm. Each cartridge was extracted, dynamically at
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90°C and 5000 psi for 15 min. The extract was collected in 10 ml of distilled water. The
distilled water was tested for metal content (using AA spectrophotometry) and used for
background correction. The samples were directly subjected to AAS analysis for lead,
nickel, iron and calcium concentration. The concentration of lead, nickel, calcium, and
iron was determined using flame AAS analysis. A discussion and interpretation related to
the results obtained are dealt with in later sections of this report. The results obtained
from this analysis give a reflection of the overall effectiveness of this technology.

9.7 Measurements, Samplmg, Data Retneval and Analytical Methods'
S Experiment F6

In order to analyze the overall effectiveness of this enhanced technology, a myriad
of samples were obtained related to the principal aspects of experiment F6. The sampling
methods used in experiment F6 were similar to those mentioned in experiment F5 and the
reader is referred to Table 29 for a summary. The methods used in experiment F5 and F6
were maintained as similar as possible, in order preserve consistency and proper
comparison of results.

9.7.1.: Seil Sampling. Procedures (Experiment F6)

As summarized in Table 29, the soil was sampled in approximately equal
thickness and at known distances. The soil from all cells were sampled from the middle
row and not from the periphery. The sampling configuration is shown in Figure 32. The
large numbers of samples were necessary in order to obtain an accurate representation of
the pH and the metal content of the soil and their variation with distance. In addition, the
number of samples are necessary in order to verify the degree of mobility of the heavy

metals within the soil and to see if metals were concentrated in any given area, thereby
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adversely affecting the removal efficiency. The method used for the determination of soil

PH and metal content will be discussed later in this report.

M| M2 |M3 | M4|MS|M6|M7| M8 |MO|Mio|Mil|MIZ| Mi3 | MI1d | M15 | Mle | M17 | M1
e | ®
C A

Figure 32 Soil sampling configuration for all cells: Experiment F6 (sample location for
the textiles and the soil in the proximity of the textile is not shown)
9.7.2.. Sampling of the Soil Near the Textile (Experiment F6)

The sampling from the cells and the division of the soil near the textile are shown
in Figure 33. The soil in the proximity of the textile in each cell was of paramount
importance to this experiment because the results obtained related to metal content
determined the efficiency of the electrokinetic process coupled with the use of the ion
exchange textile. If the metal content of this area of soil was high, the electrokinetic
force was effective in the mobilization of the heavy metals from anode to cathode. The
soil near the textile was removed from each cell with the textile so that enough soil (5.0-
10.0 mm thickness) was taken from the anode and cathode side. The textile was therefore
covered with soil on both sides. The sample obtained was placed into a plastic petri dish

and refrigerated. For analysis purposes, the soil was divided into six parts (approximately
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18 mm x 26 mm and placed in plastic bags for storage until extraction procedures were
initiated.
9.7.3: Sampling Protocol for the Ion Exchange Textile (Experiment F6)

The sampling of the ion exchange textile in each cell was necessary in order to
determine the concentration of metals (lead and nickel in particular) exchanged onto the
textile. The concentration of metals on the textile dictated the heavy metal removal
efficiency and the degree of localization. After the soil on textile was divided and
sampled, the textile itself was divided into six equal parts (26 mm x 18 mm) for each cell
as shown in Figure 34. All six samples were subjected to supercritical fluid extraction
with CO; (to be discussed in Chapter 10) and AA spectrophotometry for lead, nickel,

potassium, calcium and iron concentration analysis.
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Cathode Side-Top- | Cathode Side-Top- Cathode Side-

Left Middle Top-Right
S-CSTL S-CSTM S-CSTR
Cathode Side- Cathode Side- Cathode Side
Bottom-Left Bottom-Middle Bottom-Right
S-CSBL S-CSBM S-CSBR

Soil Near the Textile, Facing the Cathode (F6C1 to F6C4, F6C6)

Anode Side-Top- Anode Side-Top- Anode Side-Top-

Left Middle Right
S-ASTL S-ASTM S-ASTR
Anode Side- Anode Side- Anode Side
Bottom-Left Bottom-Middle Bottom-Right
S-ASBL S-ASBM S-ASBR

Soil Near the Textile, Facing the Anode (F6C1 to F6C4, F6C6)

Figure 33 Sampling and division of the soil near the textile

Top Left - Top Middle - Top Right
T-TL T-TM T-TR
Bottom Leﬂ , v Bottom Middle | Bottom Right
T-BL T-BM T-BR

Figure 34 Division of the textile for F6C1 to F6C4, and F6C6
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9.8. Experimental Duration
The EDTA-EK (F5) experiment was executed for a duration of 361 hours. The
EDTA-EK-IET experiment (F6) was executed for a duration of 546 hours. The soil and
textiles were sampled immediately after disconnecting the power supply. Table 30 shows
the initial data for EDTA-EK (F5) and EDTA-EK-IET (F6) experimentation

Table 30 Initial Data Pertaining to Soil use in Electrokinetic Experimentation
(Experiment F5 and F6)

_Cell . Mass of Wet Soil in Cell (kg)  Initial Moisture Content :
"F5C1. 1124.8 44.6
- FSC2 1153.6 44.9
F6C1 1098.2 43.0 !
- F6C2 1101.6 44.5
F6C3 1107.3 43.8 ;
- F6C4 - 1123.2 43.6.
. F6C5. . 1110.3 . 425
_F6C6 1134.2 | 446
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o100 DEVELOPMENT OF ANEW ANALYTICAL METHOD FOR METAL
- EXTRACTION USING SUPERCRITICAL FLUID EXTRACTION (SFE)

ISCO supercritical fluid extraction (SFE) was examined as an alternative to
existing acid digestion techniques for the extraction of heavy metals from clay soil
samples. This was to be used for the analysis of heavy metal concentrations after the
completion of electrokinetic experimentation. Fundamentally, SFE is advantageous over
acid digestion from numerous standpoints:

1. SFE is safer than acid digestion. SFE requires supercritical CO, and a
modifier if desired, which do not pose a serious health threat. Acid digestion
requires the use of high concentrations of nitric acid, hydrochloric acid,
sulfuric acid and 30% hydrogen peroxide. These chemicals are highly

reactive, dangerous and require the use of neoprene gloves and facial shield.

2. SFE is faster. Each SFE sample can be obtained in 15-30 minutes, while acid
digestion samples are typically obtained in 3-6 hours.

3. In most cases for heavy metal extraction, SFE does not require the use of a

fume hood. Therefore, a supercritical fluid extraction apparatus can be placed
in areas not equipped with a fume hood.

10.1. Literature Review and Current Research
Supercritical fluid extraction (SFE) of metals from soil has been performed
extensively in research. It has been used for the extraction of metals from clayey soil.
Coupled with atomic absorption spectrophotometry, it is useful for the extraction and
analysis of metal concentrations in solid-phase or slurry-phase media. Laintz et al,
(1992), and Lin et al., (1993) extracted metals from liquid and solid materials using
lithium bis-triflouroethyl-dithiocarbamate (FDDC) as a modifier. Using this modifier, the

metal-FDDC complexes showed high solubilities in supercritical CO,. Laintz et al.
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(1992), performed the extraction at pressures in the range of 69.0-79.3 bars, and at a
temperature of 35°C. Removal efficiency for copper was 90 % to 95 % at a CO, density
of 0.35 g/em®. Lin et al, (1993) used a pressure of 150 atm and 60°C and obtained
extraction efficiencies for La®>*, Eu®* and Lu** of 91 %, 96 % and 99 % respectively.

Wang and Marshall, (1994), performed a series of SFE tests in order to obtain
speciate metals within soil samples. Tetrabutylammonium dibutyldithiocarbamate
(TBADB-DTC) was used as a modifier, in order to improve the metal solubility in
supercritical CO2. The metal complexes had a lower solubility in CO, than those in the
experiments performed by Laintz er al. (1992). Fluorinated compounds tend to form
complexes that are more soluble in supercritical CO,, than their non-fluorinated
counterparts. Using on-line atomic absorption spectrophotometry, metal speciation was
achieved. Wenzel, et al., (1993), extracted nickel (IT), copper (I1), zinc (II) and lanthanum
(IIT) using supercritical CO; and bis-B-diketonate compounds as modifiers.

10.2. Supercritical Fluid Extraction versus Acid Digestion: Experiments

In order to determine the extraction efficiency and feasibility of SFE techniques
versus acid digestion, the concentration of various metals measured in the extract of SFE
samples and acid digestion samples was compared. The soil used consisted the initially
prepared soil that was used for all experiments discussed in this thesis. For the SFE test,
2.5 mL cartridges were used consisting of 1.00 g of soil and 1.5 mL of 0.1 M EDTA. The
samples were shaken for 30 minutes and placed into the supercritical fluid extractor for a
15 minute dynamic extraction at 90°C and 5000 psi. The restrictor temperatures were

also maintained at 90°C. The acid digestion procedure that was employed was EPA
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Method 3050 (“Acid Digestion of Soil, Sediments and Sludges”). A summary of results

for various metals is shown in Table 31.

Teble 31 Comparison of SFE Technique Versus Acid Digestion

- Metal Type Concentration of Concentration of % Increase from §
o Metals in Extract: Metals in Extract: Acid Digestion |
SFE Technique " Acid Digestion

- e ppm) (ppm) e S
Lead 9.3 Below detectable limits - ;
* Nickel 311 Below detectable limits - |
. Calcium - 249.8 560 346 % |
_ Potassium: 61.8 638 -3.1% ;

Table 31 shows that the utilization of SFE techniques with EDTA was
significantly higher in the extraction of lead, nickel and calcium. The extract from acid
digestion produced lead and nickel concentrations that were below detectable limits
during atomic absorption spectrophotometry. Appreciable lead and nickel concentrations
were detected in the extract from SFE procedures. The calcium concentration in the SFE
extract was 346 % higher than that of the acid digestion extract. Therefore, supercritical
fluid extraction with EDTA represents a viable and more efficient method for analyzing
metals in clay soils, as is the case in the analysis of soil after the termination of
electrokinetic treatment.

10.3. Supercritical Fluid Extraction Tests: Obtaining Optimum Shaking Time

Once it was established that SFE extraction with EDTA was more efficient in the

extraction of heavy metals, particularly lead and nickel, the establishment of the optimum
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shaking time was necessary. This optimum shaking time was used for all future analysis
for soil samples obtained from the enhanced EK soil treatment. Sample preparation
consisted of the use of 1.00 g of soil with the addition of 9.0 mL of 0.1 M EDTA directly
into the cartridge. The samples were then shaken at 60 rpm at 30 minute, 1 hour, 2 hour,
4 hour and 8 hour time intervals using an AROS orbital shaker. When required, the
samples were extracted dynamically for 15 minutes at 90°C and 5000 psi. It should be
noted that four samples for each shaking time were used:

1. A control sample using 9.0 mL 0.1 M EDTA, 1.00 g of soil and shaking, with
no extraction (a control sample for extraction). This allows for the
determination of the extraction effect of EDTA on its own. The samples were
allowed to settle for 1 hour and the supernatant was filtered using Whatman

Filter Paper No. 41 to remove colloidal particles.

2. A second control sample using 9.0 mL of distilled water, 1.00 g of soil,
shaking and extraction (a control sample for EDTA).

3. Actual samples consisting of 9.0 mL of 0.1 M EDTA, 1.00 g of soil, shaking
and extraction. Table 32 summarizes the testing profile and sample
designation.

. 10.4. Results of Supercritical Fluid Extraction Tests

The results of supercritical tests for the determination of the optimum shaking time
are shown in Figure 35. The five metals (calcium, iron, lead, nickel and potassium)
which were analyzed are shown versus shaking time, for samples employing 1) EDTA
and extraction (SFE) and 2) EDTA without supercritical fluid extraction. All metals
show a significant improvement in extract concentration when SFE is employed,
independent of shaking time, due to the enhanced solubility of metal-EDTA complexes in
supercritical CO,. Table 33 shows the average percent increase in metal extracted when
SFE is employed.
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Table 32 Description of Sample Preparation in SFE Extraction Heavy Metal Analysis

Samples Designation:

S = soil, E = EDTA, W = distilled water, SFE = Supercritical Fluid Extraction, Numbers = shaking times

A, B = denote sample designation

- Sample No.: ~ Mass of soil Volume of0.1 M Shaking SFE
LA Used EDTA time Extraction?
s ® mL) (hrs) Rt
"SW-SFE 0.5 1.0 0.0 (9.0 mL. of 0.5 Y
R distilled water) i
SE. 0.5 1.0 9.0 0.5 N §
SE-SFE 0.5 A 1.0 9.0 0.5 Y
SE-SFE 0.5 B 1.0 9.0 0.5 Y :
SW-SFE 1.0 1.0 0.0 (9.0 mL of 1.0 Y
e distilled water)
SE10 1.0 9.0 1.0 N
SE-SFE1.0A 1.0 © 90 1.0 Y
SE-SFE1.0B 1.0 9.0 1.0 Y
_SW-SFE 20 1.0 0.0 (9.0 mL of - 2.0 Y
: distill_ed water)
SE2.0 1.0 9.0 2.0 N
‘SE-SFE 2.0 A 1.0 9.0 2.0 Y
‘SE-SFE 2.0 B 1.0 9.0 2.0 Y i
‘SW-SFE 4 0 N 1.0 - 0.0,(9.0 mL of 4.0 Y
o distilled water)
i-SE 4.0 EREINR 1.0 90 4.0 N
"SE-SFE 4.0 A ‘ 1.0 90 4.0 Y
SE-SFE 4.0 B 1.0 9.0 4.0 Y
SW-SFE 8.0 1.0 0.0 (5.0 mL of 8.0 Y
‘ distilled water)
SE 8.0 ‘ 1.0 9.0 8.0 N :
‘_SE-SFE 8.0A 1.0 90 - 8.0 Y ;
SE-SFE 8.0 B 1.0 9.0 80 Y

Table 33 Average Percent Increase in Extracted Metals (SFE versus No SFE)

% Increase in Metal Extracted when Utzlzzmg SFE

. Metal
Technique
Calcium 144 %
Iron 24 %
Lead 213 %
- Nickel 117 %
‘Potassium 124 % e
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Metal Extracted vs. Shaking Time

Iron and Calcium (SFE and No SFE)
400 ﬁ
: {
E 350 Py PY ® N I
n H
£ 300 * -
S 250 : ® Calcium (SFE)
g 200 % : 5 . . © Calcium (No SFE)
A A lron (SFE)
a 1% 6 ‘é _ ¢ \& 4 Alron (No SFE)
s 100 Alon(No SFE)
£ w0l
0 . : : _
0 1 2 3 4 5 6 7 8 9
Mixing Time (hours)
Metal Extracted vs. Shaking Time
Lead Nickel and Potassium (SFE and No SFE)
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Figure 35 Metal extracted versus shaking time (supercritical fluid extraction analysis)
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All metals show a significant percent increase with the exception of iron. Nevertheless, it
can be seen from Table 39 that the use of SFE methods provides an appreciable
improvement in the concentration of metal extracted, and therefore warrants its use.
Figure 35 shows a general increasing trend in metal concentration versus shaking
time, for all metals. The highest percent increases occur from 0.5 to 2.0 hours of shaking.
After 2.0 hours, the concentration of metals in the extract does not increase appreciably.

Table 34 shows the percent increase in metals extracted within each time interval.

Table 34 Metal Extraction: Percent Increase versus Shaking Time

" Metal ~~  Shaking Shaking Shaking Shaking |
o Interval 1 Interval 1 Interval 1 Interval 1

0.5—-1.0hkrs.  1.0-2.0hrs.  2.0-4.0hrs.  4.0-8.0 hrs.

Dl S TV M, SV

Calclum : » 03% ,_';" i »5.2‘%.,‘_ N R LT _0.1' o

© drem 3.5% 0% 0% 22%
 Lead 6.7 % ’23;1 % 2.5% 11.1% !

. Nickel  43%  176% 22% 49 % ‘
Pbtassiﬁm 07% - 62% 1.7% 23% |

For all metals with the exception of iron, the most significant extraction increases
are observed when the shaking time is increased from 1.0 hours to 2.0 hours. After 2.0
hours the metal concentration in the extract does not increase drastically. Based on the
results shown, 2.0 hours is the optimum and most practical shaking time. The small
improvement in metal extraction, when the mixing time is increased from 2.0 to 4.0

hours, does not warrant its use from a practical standpoint.
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10.5. Conclusions and Finalized SFE Procedure
Based on the results obtained, supercritical fluid extraction is a viable alternative to
acid digestion. The following conclusions can be made with respect to the use and
overall applicability of supercritical fluid extraction techniques for the extractions studied
in this chapter:

1. SFE techniques, with the use of EDTA as a modifier, had a higher extraction

efficiency than acid digestion for all metals tested, except for iron.
2. Using SFE techniques with EDTA and mixing showed an appreciable
improvement in extraction over standard EDTA addition and mixing (without
SFE). Therefore, the improvement is due to the use of SFE with CO..

3. The optimum and most practical shaking time for the extraction of Pb, Ni, Ca,
Fe, and K was 2 hours. Increasing the shaking time to 4 hours or 8 hours did
not improve the extraction enough to warrant its use.

The results obtained and presented in this chapter show that SFE is a viable
alternative to acid digestion and it can be applied to any porous medium. Based on these
results, this technique was used in combination with flame atomic absorption
spectrometry for the extraction and analysis of Ca, Fe, K, Ni, and Pb from soil and
textiles. The results pertaining to metal extraction and concentration analysis, presented
throughout this thesis will utilize this technique, with a shaking time of 2.0 hours.

Based on an analysis of the results obtained, the following represents the finalized
procedure that is to be used for the extraction of metals from soil and textile samples
using SFE techniques with EDTA:

1. Weigh 1.00 g of each soil sample to be extracted and place it in 10 mL

reusable SFE cartridge. If a textile is to be extracted, place a cut sample of the

textile into the cartridge.
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2. Add 9.0 mL of 0.1 M EDTA to each cartridge. Shake for 2 hours at room
temperature at 60 rpm.

3. Set SFE restrictor and chamber temperature to 90°C. Extract dynamically for
15 minutes, at 5000 psi.

4. Collect extract in 10 mL of distilled water and analyze for metal concentration

using AAS procedures.

It should be noted that textile samples typically have soil particles adhered to their
surface (physical process), which have not actually exchanged via chemical methods. As
a result, textiles must be prepared before they are placed into the cartridges for extraction.
Each textile sample is placed into a 125 mL Erlenmeyer flask with 30 mL of distilled
water. The solution is shaken for 20 minutes and the liquid collected in 20 mL vials. The
procedure is repeated until the liquid is visibly clear and the textile retains its original
color upon visual inspection. Each liquid sample is collected until this occurs. Once the
liquid is visibly clear, the textile sample is ready to be subjected to SFE techniques and

the procedure discussed above is used.
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11. EXPERIMENT F5: RESULTS AND DISCUSSION

Based on the experimental and sampling protocols, as outlined in chapter 9,
results related to electrical and chemical parameters were obtained. In addition, pertinent
chemical properties such as pH and metal concentration were also obtained. These
results allowed for accurate conclusions to be made related to the performance of the
developed technology for the imposed conditions. This section deals with the
presentation and discussion of results acquired from experiment F5 (EDTA-EK).

11.1. Electrical Parameters

11.1.1. Potential Distribution

Measurements related to potential at each probe and current supplied in each cell
were performed. The potential and its variance with the distance from the cathode is
displayed graphically in Figure 36 and Figure 37 for cell F5C1 and cell F5C2
respectivel}}. Maximum and minimum potential values obtained in cell F5C1 were 4.55
V (probe 16, at 17 and 23 hours) and 0.75 V (probe 1, at 313 hours) respectively. As for
cell FSC2, maximum and minimum values observed were 4.64 V (probe 16, at 23 hours)
and 0.80 V (probe 1, at 147 hours) respectively. The current in each cell varied daily with
maximum and minimum values for cell FSC1 from 8.17 mA (0 hours) to 3.00 mA (361
hours) respectively. For cell F5C2, maximum and minimum current supplied to the soil
was from 7.44 mA (0 hours) to 2.51 mA (361 hours) respectively.

The potential distributions for cell F5C1 and cell F5C2 showed similar trends in
the first 47 hours of EK execution. A general linear trend was observed from cathode to

anode with a voltage gradient of 0.20 V/cm during this time interval. ~As the experiment
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Potential vs. Distance from Cathode

F5-Cell 1
s I | —m—
4.5 [
0 hours
4 -
~35 : B
; 3 ] B [ — 7| | 17 hours
g 2.5 ./"" ! I
5, —ar] 23 hours
S ’ \
B 15 | j[ .......
1 ; ~—1{ 41 hours
0.5
0 47 hours
0 2 4 6 8 10 12 14 16
Distance from Cathode (cm)
Potential vs. Distance from Cathode
F5 - Cell 1 (cont'd)
5 ] i
45 : i L
| 2% | 75 hours
4 =
e S (oo <
~ 35 7 :
; 3 v 7 i 99 hours
‘g 25 - / ;
§ 2 : ; IL 5 : 123 hours
Qo.. 1.5 — i = : e
. ; —— S . 147 hours
0.5 1 L S |
0 . ‘ : . 171 hours
0 2 4 6 8 10 12 14 16

Distance from Cathode (cm)

Figure 36 Potential distribution versus distance from the cathode (F5C1)
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Potential vs. Distance from Cathode
F5 - Cell 1 (cont'd)
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Figure 36 Potential distribution versus distance from the cathode (F5C1) (cont’d)
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Potential vs. Distance from Cathode
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Figure 37 Potential distribution versus distance from the cathode (F5C2)
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Potential vs. Distance from Cathode
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Figure 37 Potential distribution versus distance from the cathode (F5C2) (cont’d)
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progressed (75 hours to 171 hours), instabilities became prevalent in both cells, with
gradients developing in the central region of each cell. In cell F5C1, a voltage gradient of
0.88 V/cm was observed in the region located from 7.0 to 9.0 cm from the cathode. This
corresponded to the location of cracking, which became apparent after 75 hours. A
similar gradient of 1.0 V/cm was observed in F5C2, located 8.0 to 10.0 cm from the
cathode. This can be attributed to crack propagation within cell F5C2. From 195 to 295
hours, the gradient in cell F5C1 dissipated. This can be attributed to the introduction of
water at the anode, which in turn minimized the presence of cracking within the cell. In
addition, electrolytic migration of metallic complexes from cathode to anode created a
homogeneous soil-water medium, thereby decreasing the gradient that was previously
prevalent. Although a gradient of 1.3 V/cm was present after 313 hours, the resistance
distribution within cell F5C1 stabilized for the remaining duration of the experiment, due
to the addition of water in the anode.

A comparison of cells FSC1 and F5C2 shows that the presence of a sand barrier
for the supply of EDTA in cell F5C2 did not affect the potential distribution. This is
indicated through a comparison of Figure 36 and Figure 37. Cell F5C1 (absence of a
sand barrier) and cell FSC2 show similar distributions, particularly 0 to 1.5 cm from the
cathode (from the cathode to the sand barrier in cell F5C2). The sand barrier therefore
did not influence potential distribution.

11.1.2. Resistance Distribution
The resistance distributions for cell F5C1 and cell F5C2, as calculated from

Ohm’s law (V=iR) are also shown graphically versus distance and versus time elapsed, in
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Figures 38 to 39 and Figures 40 to 41 respectively. Maximum and minimum resistance
obtained in cell F5C1 was 1470 Ohms (probe 16, at 361 hours) and 180 Ohms (probe 1,
at 0 and 17 hours) respectively. In cell F5C2, maximum and minimum resistance
achieved was 1790 Ohms (probe 16, at 361 hours) and 190 Ohms (probe 1, at 0 hours)
respectively. It should be noted that the cathode and the anode are located at 0 cm and
16 cm respectively on the graph.

Similar resistance distributions are observed for cell F5C1 and cell F5C2 with
time and with distance. The overall resistance of cell FSC2 was consistently 30 Ohms
higher than comparative values in cell F5C1. Both cells are characterized by constant
resistance gradients for the first 47 hours. The resistance gradients that were observed in
cell F5C1 and cell FSC2 were 26.3 Ohms/cm and 31.9 Ohms/cm respectively. The
increases are relatively constant from location to location, as dictated by the constant
resistance gradient. As time progressed, the resistance in both cells increased
accordingly, due to the electroosmotic flow from anode to cathode thereby decreasing the
conductivity of the soil in the anode region. With time, the resistance in the cathode
region of cell F5C1 increased from 180 Ohms at the beginning of the experiment to 320
Ohms at the end. In cell F5C2, the corresponding resistance in the cathode region
increased from 190 Ohms to 420 Ohms. This increase can be attributed to the formation
of OH' ions at the cathodes. This increased the pH and promoted the precipitation of

cations, thereby increasing the resistance and resistivity of the soil.
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Resistance vs. Distance from Cathode
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Figure 38 Resistance distribution versus distance from the cathode (F5C1)
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Resistance vs. Distance from Cathode
F5-Cell 1 (cont'd)
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Resistance vs. Distance from Cathode
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Figure 39 Resistance distribution versus distance from the cathode (F5C2)
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Resistance vs. Distance from Cathode
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Figure 39 Resistance distribution versus distance from the cathode (F5C2) (cont’d)
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Probe Resistance vs. Time Distribution
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Figure 41 Probe resistance versus time elapsed (F5C2)
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Probe Resistance vs. Time Distribution
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Distinct time intervals existed where the gradients remained relatively constant.
In both cells four time intervals were observed. These intervals and their respective
resistance gradients are summarized in Table 35. These intervals correspond to the
consistent decrease in current supplied, the production of OH" ions and the extensive
precipitation that occurred in the cathode region. As stated previdusly, cracking occurred
in both cells, thereby resulting in abnormally higher resistance gradients.

Similar to the potential distributions, a comparison of resistance distributions in
F5C1 and F5C2 showed similar trends, particularly in the proximity of the cathodes (O to
2.0 cm from the cathode of each cell). This indicates that the presence of the sand barrier,
for the supply of EDTA did not effect the resistance distribution within the soil. This fact
presents favorable conditions for field scale remediation, since a supply barrier can be

introduced without adversely affecting the electrical distribution.

Table 35 Resistance Gradients Observed in F5C1 and F5C2

- - Time Interval " Resistance Gradient ' Resistance Gradient ;
- (hours) . Cell F5C1 - Cell F5C2 ' :
S (Ohms/cm) (Ohms/cm) ;
T T A T T T
. 47-171 ' 41.9 50.0
(Sharp gradient of 170 Ohms/cm (Sharp gradient of 390 !
from 7.0-9.0 cm) Ohms/cm from 9.0-10.0 cm) !
195 - 295 50.6 59.4
(Dissipation of sharp gradient) (Sharp gradient of 430

Ohms/cm from 9.0-10.0 cm)
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11.2. Results Pertaining to Cathode Liquids
11:2.1. pH of the Cathode Liquids
The pH of the liquids extracted from the cathode in cell F5C2 on a daily basis is
displayed in Figure 42. Since EDTA was supplied directly into the cathode of cell F5C1,
liquid samples could not be obtained. For cell F5C2, the maximum and minimum pH

values observed were 12.2 (41 and 123 hours) and 10.4 (219 and 243 hours).

pPH of the Extracted Liquids
F5-Cell 2

N7 41 75 99 123 147 171 195 219 243 269 295 313
Time Elapsed (hours)

Cell 2

337 361

Figure 42 pH of the extracted liquids (F5C2)

The pH of cathode liquids observed in cell F5C2, displayed two distinctive zones
as time progressed. The first zone consisted of high pH values (11.6 to 12.2) from 17
hours to 171 hours. This phenomenon is typical for an electrokinetic cell, as the high pH
is indicative of extensive OH" formation in the cathode region. The second zone is
characterized by lower pH values ranging from 10.4 to 10.5 (195 hours to 337 hours).
These significant pH decreases (1.5 - 2.0 pH units) observed in cell FSC2 as the time

elapsed increased are due to the addition of EDTA in this zone, combined with the
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dilution effect of supplying a solution of EDTA. This magnitude of this phenomenon is
influenced primarily by the buffering capacity of the soil and secondarily by the hydraulic
conductivity of the soil.

The large pH decreases can also be attributed to the introduction of EDTA into the
system. As stated previously, 0.1 M EDTA was introduced into cell F5C2 through a
porous sand zone, located 1.5 cm from the cathode. The dissociation of Na,EDTA in
solution, created hydrogen ions, which decreased the pH within the system. It is therefore
speculated that the presence of EDTA in the cathode region, coupled with the movement
of the acid front, reduced the pH of the extracted liquids. It would be impossible to
observe lower pH values (i.e. 10.5-11.0) in the early stages of the experiment since EDTA
complexation and the movement of the acid front are time-dependent processes.
However, the sharp pH decrease from 171 hours to 195 hours indicates that the combined
effect of acid front movement and the presence of EDTA was effective in decreasing the
pH in the cathode area.

11.2.2. Volume of the Cathode Liquids

The fluctuation of the volume of the liquids extracted daily through the cathode of
cell F5C2 is shown in Figure 48. A sharp decrease was observed during the time period
from 195 hours to 269 hours. This time period corresponds directly to the time period
observed for low pH values, as shown in Figure 43. The volume extracted from cell
F5C2 for the entire duration of the experiment was 92.8 mL. Maximum and minimum
daily volumes were 20.4 mL (t = 361 hours) and 4.0 mL respectively. It is speculated

that this is due to the fact that high species flow during this time period was from cathode
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to anode, due to the presence of more anions than cations within the system. This anion

predominance was due to the formation of EDTA complexes with heavy metals.

Volume of the Cathode Liquids
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Figure 43 Volume of extracted liquids (F5C2)

As the experiment progressed, the volume of liquid extracted at the cathode increased
accordingly, indicating a net electroosmotic and electrolytic flow from anode to cathode.
The supply of water in the sixth day of the experiment, introduced in the anode area,
competed with the electrolytic migration of EDTA complexes.
11.2.3. Concentration of Metals in the Cathode Liquids

The concentration of heavy metals in the cathode liquids (collected daily) for cell
F5C2 is shown in Figure 44. The concentration of metals in the extracted liquids is

important because it gives an indication related to the movement of ionic species within
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the cell. Table 36 shows a summary of the maximum and minimum metal concentration

and the corresponding time elapsed for each metal analyzed.

[
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\g

Metal Concentration (ppm)
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17 41 75 99 123 147 171 195 219 243 269 313 337
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. ~—e— Calcium —— Potassium —-;——Leat_j_—o—‘r\iuc!(el—s—lron

Figure 44 Metal concentration of extracted liquids (F5C2)

Table 36 Maximum and Minimum Metal Concentrations for Extracted Liquids

Metal -~ Maximum Metal Concentration Minimum Metal _5
' ' (ppm) 3 Concentration ;
SN e PM)
. Calcium 314 94
. . (313 hours) (41 hours) :
Iron ) 18.7 0.0 :
' (337 hours) (243 hours)
_Potassium 17.6 13.8
(313 hours) (269 hours)
Lead 13.7 2.0
(17 hours) (337 hours)
Nickel 8.8 2.7
(17 hours) (337 houss)

The calcium concentration consistently increased from 17 hours to 147 hours.
After this time, the calcium concentration remained relatively constant. The constant
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production of hydroxide ions at the cathode, increased the pH and therefore increased the
presence of calcium in' this area, until a threshold was achieved. In addition, the
precipitation at the cathode is typically of the calcium form. It is possible that some
calcium ions were released into solution and into the extracted liquid. It is speculated that
after 147 hours, the EDTA penetrated into the cathode region, thereby decreasing the pH
and countering the OH production and precipitation in this area. As a result, the calcium
concentration in the extracted liquids remained relatively constant.

It can be seen from Figure 49 that both lead and nickel concentrations in the
extracted liquid decreased as time progressed. Maximum lead and nickel concentrations
occurred after 17 hours (first sample taken), and minimum concentrations occurred at the
end of the experiment. This phenomenon can be attributed to the electrokinetic processes

and the supply of EDTA. Specifically, the following can be observed:

1. The highest lead and nickel concentration was observed at the beginning of
the experiment (17 hours). After 17 hours of the experiment, only 17 mL of
EDTA was supplied which was not sufficient enough to cause a high degree of
complexation. As a result, there was still an abundance of cations within the
pore water. Therefore, uncomplexed lead and nickel (cationic species) were
transported to the cathode region and subsequently appeared in the cathode
liquids.

2. As the experiment progressed, the concentration of lead and nickel found in
the extracted liquids decreased to 14 % of the initial lead and 31% of the
initial nickel. This indicates the presence and influence of EDTA on the
system. As the cumulative volume of EDTA supplied increased and became
well distributed, an increased amount of metal-EDTA complexes (anionic
species) formed. This resulted in the transport of anionic species within the
cell. Therefore, as the experiment progressed, an increased amount of anionic
Pb-EDTA and Ni-EDTA complexes were transported to the anode region. In
addition, a decreased amount of Pb and Ni were in cationic form. The final
soil metal concentrations (Figure 50 and Figure 51) support this observation,
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as can be seen by the higher concentrations of lead and nickel in the anode
region.

It should be noted that out of the five metals analyzed, only lead and nickel
showed this consistent decreasing trend as time progressed. This could be an indication
of EDTA selectivity for lead and nickel. The other metals analyzed showed no
decreasing trend and therefore may not have been complexed and transported to the
anode.

11.3. Volume of EDTA Supplied

As stated previously, 0.1 M Na;EDTA was continuously added to each cell and
the daily volume was measured. Table 37 summarizes the maximum, minimum and
average values of 0.1 M EDTA supplied. A comparison of the volume of 0.1 M EDTA
solution supplied to cell F5C1 and cell F5C2 is shown in Figure 45. It can be seen that
the values were fairly close, despite the use of different supply configurations. Total

volumes supplied to cell F5C1 and cell FSC2 was 146.1 ml and 171.3 ml respectively.

Table 37 Results Pertaining to Volume of 0.1 M EDTA Supplied

CellNo. - MaximumDaily — Minimum Daily  Average Daily
. Volume Supplied ~ Volume Supplied Volume Supplied
| (m) () (mi)
— T R = g
2 489 " 00 11.42
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Volume of the 0.1 M EDTA Supplied
F5 - Cell 1 & Cell 2

T .
— {—— —
i k j
S—— 4 1, } . _i.. —
: . Lo o
Vol. i ; : ‘ i -
+ N
(mL) e - 1 - - Cell 1
L SO S SR
: L :
j - . S R Cell 2
A [
; ! L] gl
- i 43 _{: ‘14 | Total Volume
i 4 2L
g t E - ; 8 HH [ C1: 1460 L
ih : H+ ey 2 LH[Cc: 13 mL

4175 799 123 147 171 195 219 243 269 295 313 337 36
Time Elapsed (hours)

Cumulative Volume of EDTA Supplied
F5-Cell 1 & Cell 2

180 ———— —
: : -
160 - i L ¢ [ S——

140 -
Vol. 120 -}
(mL) o0 |- T

80 |~ .

e e e S

Cell 1

Cell 2

40 - : ‘
20

%
(3

269 295

313 337

71 195 219 24
Time Elapsed (hours)

Figure 45 Daily and Cumulative Volumes of 0.1 M EDTA supplied
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11.4. Soil Samples
114:.1. pHoftheSoil "~ . .

Sampling of the soil for the purpose of analysis was described in chapter 9. The
pH analysis of these soil samples and its variance with the distance from the cathode for
cell F5C1 and cell F5C2 are shown in Figure 46 and Figure 47, respectively. The
locations of the anode, the cathode and the porous sand supply zone are superimposed
onto this graph in order to give an accurate representation of each cell. Maximum and
minimum soil pH values observed in cell FSC1 were 10.21 (2.0 cm from the cathode),
and 6.97. For cell FSC2, maximum and minimum values observed were 10.42 (at the

cathode) and 7.16 (at the anode). As expected, there was a general increase from anode

to cathode.

The pH of the soil versus the distance from the cathode for cell FSC1 and cell
F5C2 showed a typical distribution from cathode to anode. The initial pH of the soil was
7.6 as shown in Figures 46 and 47, and the formation of hydrogen ions at the anode
lowered the soil pH to 6.97 and 7.16 in both cell F5C1 and cell F5C2 respectively. The
small reduction was due to the supply of water directly into the anode. This caused a
dilution effect on the hydrogen ion concentration, thereby offsetting the constant
formation of hydrogen ions in the anode area and maintaining the pH near the initial
value.

Zones are observed in cell F5C1, the pH gradient from the anode to 6.2 cm from
the cathode was 0.137 pH units/cm, which indicated that there existed migration of

EDTA complexes and the acid front, which mitigated the migration of OH" ions. A sharp
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Figure 46 pH of the soil versus distance (F5C1)

1-D Spatial Soil pH Distribution

Cell 2
Cathode Anode

mCell2]

2 4 6 8 10 12 14 16 18 20 22
1-D Distance from the Cathode (cm)

Figure 47 pH of the soil versus distance (F5C2)

176



pH gradient was evident from 6.2 cm from the cathode to the cathode itself, with a value
of 0.54 pH units/cm. This increase was due to the formation of OH' ions in the cathode
region. The formation of EDTA complexes and their subsequent transport to the anode,
via electrolytic migration, resulted in a deficit of negatively charged ions within the
system. In order to maintain electroneutrality, hydroxide ions were produced by the
decomposition of water molecules. However, the pH in the cathode region was lower
than in previous experiments and in literature, which is an indication that EDTA had an
effect in lowering the pH, and that this supply counteracted the effect of hydroxide ion
formation. Typically, it is expected that the pH of the soil in the cathode region would be
closer to 11.00, but the formation of hydroxide precipitates removed some hydroxide ions
from solution thereby lowering the pH slightly.

It should be noted that there was one anomaly with the pH distribution in cell
F5CI1. A distinct pH drop occurred 12.2 cm from the cathode. This corresponds with the
location of a crack within the soil that occurred during the experiment’s progression.
This resulted in a concentration of EDTA solution within this area, thereby decreasing the
pH. A more significant decrease was mitigated by the high buffering capacity of the soil.

Cell F5C2 displayed a similar soil pH distribution as cell F5C1 with the exception
of the fact that lower pH values were observed throughout the transition from the anode
to 6.2 cm from the cathode. The gradient in this area was 0.096 pH units/cm, which was
significantly lower than cell FSC1. This is due to the better distribution and transport of
EDTA and their complexes, thus decreasing the pH. The better formation and transport

of complexes lead to higher pH values and gradients (1.12 pH units/cm) in the cathode
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region of cell F5C2 than in cell FSC1, due to an increased driving force (a larger anionic
deficit within the cell). The pH of the soil decreased below the initial value, in the range
0f 6.79-7.01 in the anode region. Once again, the pH was kept relatively low due to slow
but consistent migration of the acid front originating from the H* formation at the anode.
In the cathode area, the pH rose sharply, peaking at 10.42, at the cathode. The minimum
value obtained in cell F5C2 was 6.79, 18.3 cm from the cathode. It should be noted that
the maximum pH in cell F5C2 was 0.21 pH units higher than the maximum soil pH in
cell F5C1.

In general, both cells displayed similar soil pH distributions. The migration of the
acid front was not significant, as indicated by the small pH decrease (relative to the
initial), in areas outside the cathode region. The supply of EDTA to both cells played a
significant role in minimizing severe pH increases in the cathode region. However, even
lower pH values in this area could not be achieved due to the transport of EDTA
complexes from cathode to anode. This caused a deficit of anions within the system,
thereby forcing the formation of hydroxide ions at the cathodes. Atomic absorption
analysis will indicate the transport and distribution of heavy metals achieved through
electrokinetics and chelation. The acid front did not penetrate the cathode region as
evidenced by the high pH values in that area.

11.4.2. Metal Concentration in the Soil

The concentration of lead, nickel, iron and calcium in the soil was measured using

the SFE-AAS methods outlined in chapter 9 and 10. This section deals with a discussion

of the metal concentration in the soil, and its spatial distribution.

178



11.4.2.1.. Calcium Concentration
11.42.1.1 Cell 1 (F5CI) - . -

The distribution of calcium in the soil for F5C1 is shown in Figure 48. Maximum
and minimum calcium concentrations were 120.6 mg/kg and 15.2 mg/kg respectively.
Concentrations were significantly higher in the cathode region as was expected due to
hydroxide formation, and calcium precipitation. The development of high pHs is
magnified due to the addition of EDTA. It is speculated that the abundance of negatively
charged complexes and their subsequent transport to the anode, created a deficit of anions
in the cathode region. In order to preserve electroneutrality, hydroxide formation
resulted. Superimposing soil pH and calcium concentration in the soil for cell F5C1
shows typical relationships of calcium solubility and pH. In the cathode area, the pH of
the soil was approximately 9.0-10.5, the calcium concentration in this area increased
substantially from 55 mg/kg to 125 mg/kg. At these high pH values calcium formed
insoluble precipitates, particularly Ca(OH), and CaCO;. The precipitation barrier formed
in the cathode area did not have a substantial effect on the localization of the target heavy
metals, namely lead and nickel. Although the distribution of calcium within the soil was
typical, the overall concentration of calcium in the soil was lower than expected.
11.4.2.1.2. Cell 2 (F5C2)

The calcium distribution for cell F5C2 is shown in Figure 49. Maximum and
minimum soil calcium concentrations were 96 mg/kg and 3.5 mg/kg respectively. As
with cell F5C1, the highest calcium concentrations were observed in the cathode region.
These values were 25-30 % lower than comparative values in cell FSC1. The use of the
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porous sand zone in F5C2 for the supply of EDTA allowed for better distribution,
resulting in lower pH values (see Figure 46), and therefore contributed to the lower

calcium concentration.

Soil Metal Concentration vs. Spatial Distribution: Ca, Fe
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Figure 48 Ca and Fe concentration in soil for EDTA enhanced EK (F5C1)
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The calcium distribution was directly related and similar to the pH distribution.
Progressing from anode to cathode resulted in an increase in pH, with the sharpest
gradient occurring in the cathode area. Atomic absorption analysis revealed that the
highest calcium concentration (96.1 mg/kg) occurred in the cathode region, specifically at
the cathode, where the highest pH was achieved. The sharp gradient in the pH did not
correspond to a similar concentration gradient, but an increase of 35 mg/kg was achieved.
Nevertheless, the concentration distribution obtained for cell F5C2 was as expected based
on the pH distribution. The high concentration of OH" ions produced at the cathode
caused extensive precipitation of calcium in the soil, with an average of 87 ppm in the
cathode region. As with cell FSCI, the calcium concentration did not play a significant
role in affecting the localization of lead and nickel.
11.4.2.2. Tron Concentration =
11.4.2.2.1. Cell 1 (F5CI)

Figure 48 shows the spatial variation of iron for cell F5C1. High concentrations
were observed in cell FSC1. The iron concentrations in cell F5C1 represented the highest
metal concentration of the any metal analyzed. Maximum and minimum values observed
were 278.3 mg/kg and 132.8 mg/kg respectively. High iron concentrations were expected
and can be attributed to the following phenomena:

1. The iron oxides present in the soil matrix. This is the primary source of high

iron concentrations in the soil.

2. The oxidation of the anode during electrokinetic treatment. Stainless steel

electrodes were used in order to minimize oxidation, but some iron was
oxidized and released into the soil. The iron that was bound to the soil was
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most likely of the trivalent type (oxidation of Fe** to Fe®*), which is
characterized by low water solubility.

There was no distinct area where iron ions were concentrated. However, some
general locations within the cell displayed some tendencies. The iron concentration was
approximately 20-30 % higher in the location from 6.5 cm to 12.5 cm from the cathode
edge. The iron concentrations were approximately 20 % higher in the anode region than
in the cathode region. This can be attributed to the oxidation of the anode and subsequent
release of iron ions in solution. From Figure 48, it can be seen that some transport of iron
did occur, but it did not reach the cathode area. In addition, the use of different supply
systems in F5C1 and F5C2 did not affect the transport of iron species.
11.4.2.2.2. Cell 2 (F5C2)

The iron distribution in the soil for cell F5C2 is shown in Figure 49. Maximum
and minimum values observed were 207.6 mg/kg and 122.8 mg/kg respectively. The iron
concentrations were significantly lower in cell F5C2 than in cell FSCI. This can be
attributed to the lower daily current measured in this cell. A lower current, resulted in a
lower degree of oxidation. Therefore less ferric ions were released into the soil, which
resulted in a lower concentration. Unlike cell F5C1, the maximum iron concentration
was observed at the anode, as would be expected, due to the constant oxidation of the
anode. Using the porous sand supply zone as opposed to the supplying EDTA directly
into the cathode may have had an effect on minimizing the concentration of iron in the
soil. By ensuring a better distribution of EDTA, thereby increasing the amount of iron
complexes and allowing for their transport to the anode, this might be expected, but the
high concentration of iron at the anode is most likely due to oxidation.
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To summarize, both cell F5C1 and cell FSC2 showed appreciably high and
constant concentrations with an average of 217 mg/kg and 171 mg/kg for cell FSC1 and
cell F5C2 respectively. The high concentration was due to the extensive oxidation of the
anode. It should be noted that, the iron ions introduced from the oxidation of the anode
tended to remain in that area. The presence of iron within the soil, and the fact that iron
forms highly stable complexes with EDTA, created competition for EDTA between iron
and the target heavy metals. This caused problems related to the amount of nickel and
lead complexed by EDTA. This was and is probably the most important factor
influencing the mobilization of the target heavy metals. It is difficult to alleviate, due to
the high inherent iron concentration in clay soils, particularly in Québec. The soil within
Montréal has shown particularly high concentrations of iron.

Overall, the iron concentrations within the soil were 2.0-2.5 times higher than
comparable calcium concentrations. This can be attributed to the presence of iron in the
soil, originating from the iron oxides already present in the soil and from the oxidation of
the anode. Having a lower solubility than calcium in this pH range, iron readily formed
precipitates before calcium. The formation of Fe(OH); used up many hydroxide ions
produced at the cathode, thereby leaving a substantial amount of calcium ions in solution.

11.4.2.3. Nickel Concentration

11.4.2.3.1. Cell 1 (F5CI1)

The nickel concentration in the soil samples and its variance with distance,
between the cathode and anode, for cell F5C1 is shown in Figure 50. Cell F5C1 displays
high nickel concentrations in the anode area, which is indicative of significant electrolytic
migration from cathode to anode. This is due to the addition of EDTA, which caused the
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formation of negative complexes. The abundance of negative complexes within the
system resulted in an increased migration of anionic species from cathode to anode.
Maximum and minimum nickel concentrations in cell FSC1 were 81.0 mg/kg and
undetectable respectively. Approximately 79 % of nickel ions were concentrated in 1/6™
of the cell and 89 % was concentrated in 1/4™ of cell FSC1 after the EDTA-EK process.
This is an indication that EDTA. increased the mobilization of nickel ions thereby making
them accessible to EK transport (electrolytic migration and electroosmosis). The stability
of Ni-EDTA complexes, as represented by stability constants prevents their exchange
onto soil particles, effectively increasing their tendency to remain in the pore water. The
majority of nickel was located at the anode to about 4.0 cm from the anode, with
significantly lower amounts observed in the remaining portion of the cell. This indicates
that significant migration of nickel-EDTA complexes (negatively charged) occurred from
cathode to anode in response to the electrical gradient. This migration continued until the
anode area was reached and precipitation of these complexes occurred. In essence, a
barrier was established in the anode zone, where the pH ranged from 7.1-7.8. Despite this
fact, significant mobilization, by EDTA, and transport, by EK methods resulted.
11.4.2.3.2. Cell 2 (F5C2)

The distribution of nickel in the soil for cell F5C2 is shown in Figure 51. A trend
similar to that of F5C1 is observed. A high concentration was achieved in the anode area
(86.1 mg/kg). The localization of nickel within cell F5C2 was lower than that of cell
F5C1, with 76 % of nickel ions localized within 1/6™ of the cell and 82 % localized
within 1/4™ of the cell. The use of a porous sand supply zone did not ensure a better
initial spatial distribution of EDTA than supplying directly to the cathode, as performed
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in cell F5C1. This fact can be explained by the increased resistance in the area of the
porous sand zone, which prevented some transport of metal-EDTA complexes to the
anode region. Comparing cell FSC1 and cell FSC2 reveals that in both cells, significant
movement transport of nickel was achieved. Both cells showed precipitation of Ni-
EDTA complexes close to the anode. Significant localization of nickel ions was achieved

in both cells.
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Soil Metal Concentration vs. Spatial Distribution: Pb, Ni
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Figure 51 Pb and Ni concentration in soil for EDTA enhanced EK: (F5C2)

11.4.2.4. Lead Conceiitration
114.2.4.1. Cell 1 (F5CI) =

The distribution of lead in the soil for cell F5C1 is shown in Figure 50.
Electrolytic migration from cathode to anode was observed. Maximum (52.2 mg/kg) and
minimum (5.22 mg/kg) values were the result of an abundance of negatively charged lead
species in the system, created by the complexation of heavy metals with EDTA. The
presence of the majority of lead ions in the anode area is directly related to this
phenomenon and provides an indicator as to the effectiveness of EDTA in the
mobilization of lead.

Approximately 72 % of lead ions were localized in 1/3™ of the cell. This
decreased localization (when compared to nickel) can be attributed to low solubility of

lead compounds and the competition with nickel for EDTA. Lead has a strong affinity
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for clay soil and has higher power of exchange with soils, than other heavy metals. It is
assumed that many lead ions preferred to remain sorbed rather than be complexed by
EDTA. Although the localization of lead that was achieved was not as high as that of
nickel, significant mobilization and localization did occur. It should be noted that the pH
distribution provides an indication related to the relative concentration of heavy metal
complexes within the soil. Observing the soil pH distribution in F5C1 (Figure 45) in
comparison with the soil lead/nickel distribution (Figure 50), it can be seen that the
higher the pH, the lower the concentration of negatively charged Pb-EDTA complexes.
Where the pH was lower, as in the anode region, the concentration of Pb-EDTA
complexes was significantly higher. Therefore, the pH distribution can help in the
prediction of the spatial distribution of heavy metals complexes (specifically lead and
nickel) within an electrokinetic cell.

114.24.2. Cell2(F5C2). -

The spatial distribution of lead within the soil at the end of enhanced EK
treatment, for F5C2, is shown in Figure 51. Maximum and minimum values for lead
concentration in cell FSC2 were 56.7 mg/kg and 1.11 mg/kg respectively. The lead
distribution was similar to that of cell F5CI and consequently, the method of EDTA
supply probably did not play a role in lead transport. After 15 days of treatment, lead was
localized to an efficiency of 78 % within 1/3™ of the cell, which was slightly better to that
achieved in cell F5Ci. The degree of electrolytic migration, as reflected by the
localization, seemed to be influenced by the nature of lead ions and lead complexation
rather than the method of EDTA supply utilized. As with cell F5C1, the degree of lead

localization was lower than nickel in cell F5C2. Nevertheless, the localization of lead
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that was achieved though the use of EDTA coupled with EK processes was significant

considering the fact that natural clayey soil was used.
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11.5. Conclusions and Recommendations

An enhanced electrokinetic experiment, consisting of standard EK methods
coupled with the use of a chelating agent, ethylenediaminetetraacetic acid (EDTA), was
conducted in order to study the principles of transport, mobilization and localization and
removal of lead and nickel contamination. The enhanced electrokinetic cells were
effective in the transport and localization of lead and nickel. For both cells, 81 % of
nickel ions were localized within 1/6™ of the cell and 85 % were localized within 1/4% of
the cell. For lead, an average of 79 % of lead contamination was localized within 1/3" of
the cell. Significant electrolytic migration was observed for both cells as indicated by this
localization. It has been observed, based on the results from experiment F5 and previous
work (Elektorowicz et al.,, (1996a)), the enhanced hybrid method used represented an

improvement over standard electrokinetic methods from the following aspects:

1. The use of EDTA throughout the cell volume enhanced the mobilization of
lead and nickel. The increased sclubility of lead and nickel allowed more
ions to become accessible to electrokinetic transport. Typically, nickel and
particularly lead compounds have low water solubilities. With the use of
EDTA, stable Ni-EDTA and Pb-EDTA complexes formed and remained in
solution.

2. The use of EDTA tended to decrease the overall pH. With standard
electrokinetics, using natural clay soil, high pH gradients develop in the
cathode and anode areas (pH=12.0 at the cathode and pH=7.5 at the anode).
The supply of EDTA in the cathode region, using either supply system,
decreased the pH between 1.5 to 2.0 pH units.

3. Localization of nickel and lead was enhanced with the use of EDTA.
Literature has shown that significant localization of lead and nickel using
standard EK methods is difficult, even in pure kaolinite soils (pH=4.5-5.5).
Based on the results obtained in this test, the use of EDTA in natural clay soils
is effective.
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4. During the early stages of the experiment, the EDTA supplied was not

significant enough to promote substantial heavy metal complexation. This is
indicated by the concentration of heavy metals in the extracted liquid for cell
F5C2. As a result, the highest lead and nickel concentrations were obtained in
the cathode liquid. As the supply and distribution of EDTA increased, the
lead and nickel concentrations obtained in the cathode liquid decreased to
15% and 30% of the initial concentrations respectively. Asthe EDTA became
well distributed, the amount of negatively charged metal-EDTA complexes
increased, thereby resulting in an abundance of transported anionic species
within the soil.

Table 38 summarizes the problems and inefficiencies with this experiment and the

solutions that have been proposed for use in future experiments. Despite some

inefficiency with the use of EDTA for improved mobilization of nickel and lead during

EK methodology, the following conclusions can be made:

1.

The use of EDTA is effective in mobilizing bound heavy metals, specifically
lead and nickel. The formation of complexes allows for the transport, of Pb-
EDTA and Ni-EDTA complexes to desired locations, thereby allowing for
moderate to very good localization.

The use of EDTA in soil decreases the overall pH of the soil, particularly in
the cathode region. This is due to supplying the EDTA in the cathode region.

The method of supplying EDTA directly through the cathode (F5C1), or
through a porous sand zone (F5C2) did not show a significant difference in
localization efficiency for lead. Slightly better nickel localization was
achieved in F5C1 than F5C2.

The use of a porous supply zone increases the potential and therefore the
resistance of the soil. Since the overall localization efficiency for both tests
were similar, the use of a porous supply zone is not required. Where direct
supply to the cathode is impossible, the supply zone method is a viable
alternative. Regarding pilot-scale and field studies, the use of a porous sand
zone would increase costs due to the need for a more complex EDTA supply
system and excavation.
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Table 38 Problematic Conditions during the use of EDTA in EK Processes

Reason and Associated
Problems

¢ The implementation of a
porous sand barrier used for

the supply of EDTA ; a
‘® Implementmg a supply
. configuration similar to that
of Cell F5C1 ' _.._
Full dlstnbutlon e High resistivity of the soil R ‘o'Di'rectly contact of EDTA
-of ~EDTA'm R - ‘withthe soil before EK ..
g o Countercurrent flows: water " processes to ensure proper 1
supplied at the anode and iy dlstnbutlon o
EDTA supplied at the S s
R . cathode
High iron e High oxidation of the anode . Change anode material
‘concentratlons in both cells ’
: served e Apply this EDTA-EK

e_thodology in soils w1th
low mmal 1ron content

e Presence of high initial
concentrations of iron in the
soil

e Creates competition for
EDTA complexes

¢ Potential of competition for
ion exchange textiles)

Localization of
lead and mckel

‘was only
moderately hlgh

* Precipitation of metal-EDTA - e Employ ion exchange textiles

complexes in the anode - (IET) to allow for the
region exchange of target heavy
metals.
o Affinity of lead and nickel '
for the soil e The IET will improve
localization and facilitate
¢ Low water solubility of lead simpler removal of lead and
and nickel nickel.
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The advantages with the use of the textile cannot be underestimated, since they
can alleviate the inherent problems of standard EK methods. The next experiment
attempts other EK enhancement methods, to improve the localization and overall removal
efficiency of nickel and lead, through the use of ion exchange textiles (the second
enhancement method). This method examines a new hybrid system (EDTA-EK-IET) that

combines the use of ion exchange textiles with EDTA-EK methods.
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- 12. EXPERIMENT Fé: RESULTS AND DISCUSSION

Results were obtained following the methodology of measurements and sampling
described in chapter 9. Electrical parameters, and physico-chemical parameters of the
soil and liquids were obtained. “These results allow for accurate discussions and
conclusions to be made related to the performance of the EK-EDTA-IET technology for
the imposed conditions. This section deals with the presentation of results acquired from
experiment F6 (cell F6C1 to cell F6C6).

12.1. Electri¢al Parameters

The variance of resistance with the distance from the cathode for cell F6C1 to cell
F6C6 is displayed graphically in Figure 52 (F6C1), Figure 53 (F6C2), Figure 56 (F6C3),
Figure 57 (F6C4), Figure 60 (F6C5) and Figure 61 (F6C6). This section deals with a
discussion and comparison of cells with respect to the resistance distribution.

12.1.1. Cell 1 (F6C1) and Cell 2 (F6C2): Resistance in Soil

The resistance distributions between electrodes for cell F6C1 (EK-AET) and cell
F6C2 (EK-CET), as shown in Figure 52 and Figure 53 respectively, are characterized by a
general increasing trend in the anode direction with time and distance. The use of IETSs in
each cell created sharp resistance gradients, particularly in cell F6C2. The resistance
gradients observed in cell F6C1 and F6C2, at the beginning of the experiment, were 32
ohms/cm and 20 ohms/cm respectively. After 281 hours of the experiment, the gradients
increased to 42 ohms/cm and 27 ohms/cm respectively. At the end of the experiment

(546 hours), the resistance gradients were 53 ohms/cm and 32 ohms/cm respectively.
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Figure 52 Resistance distribution versus distance from the cathode (F6C1)
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Resistance vs. Distance from Cathode
F6 - Cell 1 (cont'd)
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Figure 52 Resistance distribution versus distance from the cathode (F6C1) (cont’d)
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Resistance vs. Distance from Cathode
F6 - Cell 1 (cont'd)
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Figure 52 Resistance distribution versus distance from the cathode (F6C1) (cont’d)
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Resistance vs. Distance from Cathode
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Figure 52 Resistance distribution versus distance from the cathode (F6C2)
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Resistance vs. Distance from Cathode
F6-Cell 2 (cont'd)
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Figure 53 Resistance distribution versus distance from the cathode (F6C2) (cont’d)
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Resistance vs. Distance from Cathode
F6-Cell 2 (cont'd)
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Figure 53 Resistance distribution versus distance from the cathode (F6C2) (cont’d)

The temporal increase in F6C1 and F6C2 can be attributed to the increasing
resistance in the anode region created by the oxidation and release of ferric ions into this
area. The ferric ions in the soil environment were transformed into slightly soluble
species and readily formed precipitates, even under neutral conditions. The resistance at
each probe location increased steadily with time due to the decreasing current within both
cells. Their distributions are similar and both show this general increase in resistance.
The current in cell F6C1 decreased from 8.47 mA at the beginning of the experiment, to
4.53 mA (53 % of the original) after 546 hours. In F6C2, the initial current was 8.57 and
the final current measured after 546 hours was 4.63 (54 % of the original current).
During this time period, the potential did not vary appreciably and as a result, the

resistance increased accordingly.
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12.1.2. Cell 1 (F6C1) and Cell 2 (F6C2): Resistance at Textile

The resistance distribution at the location of the IET within F6C1 and F6C2
showed pronounced differences than within the soil. The gradient in F6C2, at the textile
location was more pronounced that in cell F6C1 with an average value of 750 Ohms/cm.
Cell F6C1 showed a gradient of 200 Ohms/cm in the textile region. This is an indication
of the presence of cations exchanged on the CET of F6C2. The absence of EDTA
resulted in no EDTA-complexation and therefore lower exchange of anionic complexes
on the AET of F6C1. As a result, a significantly lower resistance gradient resulted in the
AET of F6C1 in comparison to the CET of F6C2.

Figure 59 and Figure 60 show the initial and final (after 546 hours) soil resistance
distributions for cell F6C1 and cell F6C2 respectively. The presence of IETs in both cells
created a discontinuity and as a result necessitated the fitting of two curves (before and
after the IET) for each time. A comparison of the average spatial resistance in cell F6C1
and F6C2, as displayed in Figure 54 and Figure 55 respectively, shows similar
distributions except at the textile location. A higher gradient was observed in F6C2 than
in cell F6C1. As with all cells, the distribution for cell F6C1 and F6C2 seems to correlate
to a power model. R? values for cell F6C1 and F6C2 ranged from 0.9811-0.9985 and
0.9735-0.9971 respectively, which represents an excellent fit. Although the coefficients
of the power model changed, the degree of correlation remained relatively constant from
the beginning to the end of the experiment. Therefore a general model would be
dependent on determining suitable coefficients for the power model, for the entire EK
duration. It should be noted that a 6™ degree polynomial had similar (sometimes higher)

correlation coefficients, but the power model was chosen due to its simplicity.
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Initial and Final Resistance vs. Distance from Cathode
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Figure 54 Initial and final resistance vs. distance from cathode (F6C1)
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Figure 55 Initial and final resistance vs. distance from cathode (F6C2)

r = resistance (Ohms)
x = distance from cathode
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12.1.3. Cell 3 (F6C3) and Cell'4 (F6C4): Resistance in Soil

The resistance distributions for F6C3 and F6C4 and their variance with distance is
shown in Figure 56 and Figure 57 respectively. Both cells show relatively constant
resistance gradients with distance, but the gradients tend to increase with time.

The resistance gradient within the soil showed small changes with distance. As
the time increased, the resistance gradient increased accordingly, due to a decrease in the
current from 8.51 mA (beginning of the ‘experiment) to 4.49 mA (at the end of the
experiment) in F6C3. F6C4 experienced a similar cell current reduction from 8.44 mA to
4.50 mA. The calculated gradients for F6C3 and F6C4 at the beginning of the
experiment - were 22 ohms/cm and 24 ohms/cm respectively. After 281 hours, the
gradients were 26 ohms/cm and 40 ohms/cm respectively. At the end of the experiment
(546 hours), the gradients increased to 30 ohms/cm and 56 ochms/cm respectively.

12.1.4. Cell 3 (F6C3) and Cell 4 (F6C4): Resistance at Textile

The highest gradients for F6C3 (EDTA-EK-CET) and F6C4 (EDTA-EK-AET)
were in the location of the textile. Similar to cell F6C1 and F6C2, the CET of F6C3 had
larger effect on the resistance gradient than the AET of F6C4. The maximum gradients in
the area of the textile for F6C3 and F6C4 were 650 ohms/cm and 300 ohms/cm
respectively. The gradients near the textile in both cells increased slightly with time due
to fouling of the textiles by soil particles. The increase was higher in F6C3, where the

gradient increased from 400 ohms/cm at the beginning of the experiment to 650 ohms/cm

after 546 hours.
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Resistance vs. Distance from Cathode
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Figure 56 Resistance distribution versus distance from the cathode (F6C3)
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Resistance vs. Distance from Cathode
F6-Cell 3 (cont'd)

I CET
1200
1100 ———
R 1000 209 hours
2 900 e ——
8 800 N a] | 233 hours
< 700 +— - -
8 600 — ;
g 500 " - 257 hours
2 400 ; ; >
é’ 300 + ] - : 281 hours
200 I S S Av =
100 - 305 hours
0
0 2 4 6 8 10 12 14 16
Distance from Cathode (cm)
Resistance vs. Distance from Cathode
F6-Cell 3 (cont'd)
CET
1200 —
1100 —-—
e 1000 329 hours
@ 900 e
E g0
S 700 s 353 hours
) - -
8 600 e T
8 500 = 377 hours
2400 T
& 300 |-e™E 401 hours
200 s [P S -
100 gl | 425 hours
0 t ,
0 2 4 6 8 10 12 14 16

Distance from Cathode (cm)

Figure 56 Resistance distribution versus distance from the cathode (F6C3) (cont’d)
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Resistance vs. Distance from Cathode
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Figure 56 Resistance distribution versus distance from the cathode (F6C3) (cont’d)
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Resistance vs. Distance from Cathode
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Figure 57 Resistance distribution versus distance from the cathode (F6C4)

206



Resistance vs. Distance from Cathode
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Figure 57 Resistance distribution versus distance from the cathode (F6C4) (cont’d)
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Resistance vs. Distance from Cathode
F6 - Cell 4 (cont'd)
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Figure 57 Resistance distribution versus distance from the cathode (F6C4) (cont’d)

The cells utilizing AETs (i.e. cell F6C1 and F6C4), had a moderate effect on the
resistance gradient in the proximity of the textile. However, the gradients in the
remaining area of these cells showed greater increases with time than the cells that used
CETs (F6C2 and F6C3). For cell F6C3 and cell F6C4, the resistance gradient at the IET
location increased with time. This demonstrated the ability of the IETs to exchange
heavy metals from the soil and retain them. Although the gradient at the CET of F6C4
was greater than the AET of F6C3, the difference was 100 Ohms/cm which was
significantly lower than the difference observed in F6C1 and F6C2. In addition, the
resistance gradient for the CET of F6C2 (EK-CET) was higher than at the CET in F6C3.
The resistance gradient at the AET of F6C1 (EK-AET) was 150 Ohms/cm lower that at

the AET of F6C4. The reason for this phenomenon is due to the presence of EDTA and
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its effect in complexing heavy metals. The anionic complexes that formed, were
transported to the anode region. The more anionic complexes formed, the greater the
transport of ions to the anode area. Also, the more complexes that are formed, the lower
the amount of free cationic species remairing within the system. Therefore, with the use
of EDTA, more ions are transported to the anode area than the cathode area. This
resulted in the resistance gradients discussed above.

.A comparison of initial and final resistance versus the distance from the cathode
for F6C3 and F6C4 (Figure 58 and Figure 59 respectively), show similar distributions
with the exception of the zone where the textile is located. Due to the IETSs in both cells,
a discontinuity resulted within each cell. This necessitated the fitting of curves separately
(before and after the IETs). F6C3 shows a higher resistance gradient at the CET than at
the AET in F6C4. Both cells correlate well to a power function at all locations of the cell,
with correlation coefficients of 0.94. Comparing between initial and final curves shows
that the correlations did not change appreciably. This shows that resistance distribution
can be mathematically modeled, which would be desirable, particularly in field
applications. |
12.1.5.: Cell 5 (F6CS5) and Cell 6 (F6C6) : Resistance in Soil

The resistance distributions for F6C5 (EDTA-EK) and F6C6 (EDTA-EK-CET &
AET) and their variance with distance is shown in Figure 60 and Figure 61 respectively.
A comparison of F6C5 and F6C6 clearly shows the effect of IET utilization on the
resistance gradient. In the absence of a textile, as in F6CS, the resistance gradient is

approximately constant with distance from the cathode.
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Figure 58 Mathematical analysis of average spatial resistance (F6C3)
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In F6C6, three distinct zones of resistance gradients are observed with distance,

throughout the duration of the experiment. These gradients are:

1. A high gradient at the location of the CET.
2. The gradient at the location of the AET

3. Small gradients in the remaining parts of the cell.

The resistance gradient at the AET was lower than that of the CET in F6C6. This
was the same to that displayed in the AET of cell F6C1 and cell F6C4 versus the CET in
cells F6C2 and F6C3, where the CET gradients were higher than the AET gradients.
12.1.6. Cell 6 (F6C6): Resistance at Textiles

As with all cells containing IETSs, the magnitude of the resistance gradients in the
IET locations of F6C6 increased with time. At the beginning of the experiment, the AET
and CET gradients in F6C6 were 250 ohms/cm and 300 ohms/cm respectively. After 281
hours, the resistance gradients were 300 ohms/cm and 500 ohms/cm respectively. At 546
hours (the end of the experiment), the AET and CET resistance gradients increased to 350
ohms/cm and 750 ohms/cm respectively. The gradients in the zones without the textile at
0 hours, 281 hours and 546 hours were 20 ohms/cm, 26 ohms/cm and 47 ohms/cm
respectively. In F6CS5, the gradients at 0 hours, 281 hours and 546 hours were 25

ohms/cm, 30 ohms/cm and 46 ohms/cm respectively.
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Resistance vs. Distance from Cathode
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Figure 60 Resistance distribution versus distance from the cathode (F6C5)

212




Resistance vs. Distance from Cathode
F6 - Cell 5 (cont'd)
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Figure 60 Resistance distribution versus distance from the cathode (F6C5) (cont’d)
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Resistance vs. Distance from Cathode
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Figure 60 Resistance distribution versus distance from the cathode (F6CS5) (cont’d)
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Resistance vs. Distance from Cathode
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Figure 61 Resistance distribution versus distance from the cathode (F6C6)
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Resistance vs. Distance from Cathode
F6-Cell 6 (cont'd)
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Figure 61 Resistance distribution versus distance from the cathode (F6C6) (cont’d)
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Resistance vs. Distance from Cathode
F6-Cell 6 (cont'd)

CET AET
1200 = .
1100 1 i e —
¢ — ours
’g 900 | > e R I
- - S

S ggg Ik f A —=| | 473 hours

1 e = : ——

8 600 e s I D

S 500 . - ours

‘G 400 = I T

72} J— i ’

S 300 w5 == | 521 hours
200 { - B
100 { 546 hours

0 | : :
0 2 4 6 8 10 12 14 16

Distance from Cathode (cm)

Figure 61 Resistance distribution versus distance from the cathode (F6C6) (cont’d)
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Figure 62 and Figure 63 show a comparison of the initial and final resistance
distributions for F6C5 and F6C6 respectively. As can be seen in both cells the resistance
of the soil at each probe location approximately doubled from the initial value. However,
the shape of the curve remained similar. Similar to F6C1 to F6C4, a power model was fit
to both F6CS5 and F6C6 for all locations and times, with correlations in the range 0.9212-
0.9716 and 0.8363-0.9906 for F6C5 and F6C6 respectively. The fact that the best curve
fit that was employed did not change with time shows that the power model can possibly
be applied for mathematical representation of resistance distribution. This can be useful
in scaling-up procedures during EDTA-EK-IET remediation.

12.1.7. Summary and Comparison of Cells

The resistance distribution and gradients were independent on whether a chelating
agent was employed. The use of textiles also affected the distribution and gradients
appreciably. The effect of textiles on the resistance distribution, specifically the gradients

are two-fold:

1. The resistance of the cell increases with time as textile fouling occurs and as
heavy metals exchange onto the textile. This has an effect on the entire cell,
where the resistance and therefore, the impedance to EK transport increases
with time and for all locations within the cell. This is evidenced by the sharp
gradient that occurred in the textile locations. _

2. The use of a CET produced gradients in the remaining locations of the cell
that were 1.1 to 2.0 times higher (other than in the location of the textile), than
those cells that employed AETs. This could be attributed to higher textile
fouling in the CET than in the AET.
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Initial and Final Resistance vs. Distance from Cathode
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Figure 62 Mathematical analysis of average spatial resistance (F6CS5)
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Table 39 shows a comparison of cells and the effect of textile on the resistance. A
detailed table of data related to the resistance values on both sides IET, from 0 to 546

hours is shown Appendix D, Table D-1.

Table 39 Change in Resistance at IETs: Comparison of the Cells

Cell e Final Change in Final Change in Resistance
7 " Resistance at AET (from at CET (from Cathode side to
. Cathode side to Anode side) -~~~ Anodeside) =~
| (Ohms) - (Ohms)
~F6C2. . R 65
F6C3 - . 45

24 R

U F6CE

The effect of the CET on the resistance distribution is evident when comparing
those cells containing IETs (F6C1, F6C2, F6C3, F6C4, F6C6) with F6C5. With the
retention of heavy metals or heavy metal complexes by the IETs, the resistance gradient
increased accordingly. Without a textile (F6CS5), there are no sharp deviations in the
resistance. Comparing all cells reveals that the CET has a more pronounced effect on the
resistance distribution than an AET. Although the difference in the resistance gradient
for the CET and AET in those cells employing EDTA (F6C3 and F6C4) was lower than
those cell not employing EDTA (F6C1 and F6C2). The exception to this rule is observed
in F6C6, where both textiles were used. As shown in Table 39, the difference in the

resistance gradient for the CET and the AET was 400 ohms/cm.
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12.2. Volume and pH of the Cathode Liquids
122.1.:Cell 1 (F6CT) and Cell 2 (F6C2) = - -

The daily volume of the cathode liquids extracted from cell F6C1 and F6C2 is
shown in Figure 64. Maximum and minimum values for cell F6C1 are 14.2 mL (24
hours) and 0.0 (65 hours). Maximum and minimum values for F6C2 are 12.6 (24 hours)
and 0.0 (65 hours). The total and average volumes extracted in: cell F6C1 were 180.7 mL
and 7.5 mL respectively. Comparative values for F6C2 were 167.7 mL and 7.0 mL
respectively.

The pH of the liquids extracted from the cathode in cell F6C1 and F6C2 are
shown in Figure 65. Maximum and minimum pH values observed in cell F6C1 were
12.4 (257 hours) and 8.5 (21 hours) respectively. Comparative maximum and minimum
values for F6C2 were 12.7 (257 hours) and 8.3 (17 hours). Cell F6C1 and F6C2 show
similar pH distributions, except pH values in cell F6C1 were consistently 0.1-0.5 units
lower than comparative values in F6C2. For both cells, two distinct temporal pH zones
were observed. From 17 to 161 hours (pH-zone 1), rapid pH increases can be seen, with
rates of increase of 0.45 pH units/d and 0.48 pH units/d for cell F6C1 and F6C2
respectively. During this time period, the pH in both cells was maintained below 11.2.
The pH during this time period, particularly from 17 to 41 hours was lower than for the
remaining duration of the experiment because the formation of hydroxide ions at the
cathode was not enough to change the pH significantly. Changes in pH values were time
dependent and the lower pH values for both F6C1 and F6C2 during this time period can
be attributed to this fact. As the EK experiment progressed, the continued hydroxide
formation raised the pH to as high as 12.4 and 12.7 for F6C1 and F6C2 respectively.
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In pH-zone 2, from 185 hours to 546 hours, the pH was relatively constant and
consistently above 11.5 in both cells. After 257 hours, small pH decreases of 0.083 pH
units/day (F6C1) and 0.075 pH units/day (F6C2). The pH increase in zone 1 (from 17 to
161 hours) and the relatively small decreases in pH-zone 2 (161 to 546 hours), were as
expected in the cathode area, particularly without the use of EDTA. The results can be
attributed to the following phenomena:

1. This increasing high pH is indicative of extensive OH" formation in the

cathode region, which tends to increase the pH.

2. The increasing pH in pH-zone 1 for both cells was due to the constant

formation of OH" ions. The pH of the cathode liquids during this time period

was lower due to the initially lower pH and the time required for OH"
formation and subsequent pH increases.
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Figure 64 Volume of the liquids extracted daily (F6C1 and F 6C2)
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Figure 65 pH of the liquids extracted daily (F6C1 and F6C2)

3. The pH values observed from 161 to 546 hours can be attributed to the

decreasing current within both cells.

The sharpest decreases for all cells

occurred after 161 hours and resulted in a lower rate of hydroxide formation.

4. The increase in pH in F6C1 and F6C2 from 0 to 257 hours can be attributed to
the following chemical reactions, due to the presence of calcium and

potassium in the soil:

K" + 1e -
2K +2H,0 —>

KOH - K
Ca+2e -~
Ca + 2H20 (=4
Ca(OH), =3

KO

2KOH +H, T
+ OH

Ca’

Ca(OH); + H, T

Ca’* + 20H

[12.1]
[12.2]
[12.3]
[12.4]
[12.5]
[12.6]

The formation of OH™ as shown in equations [12.3] and [12.6] caused the pH
to increase. After 257 hours, the reduction reaction (equations [12.1] and

[12.4]) had completed, ceasing the formation of OH ions.

The use of anion or cation exchange textiles did not have an effect on the pH of

the extracted liquids, as reflected by similar distibutions obtained in F6C1, F6C2 and

F6CS5 (Figure 69, no IET used).
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As stated previously, the pH values in F6C1 were consistently lower (0.1-0.5)
than those in F6C2 for the same time period. The difference is due to the relative
electrokinetic efficiency of F6C1 and F6C2. Daily current measurements showed that the
current to F6C2 was consistently higher than in F6C1 (0.05-0.50 mA). Due to a higher
current, the amount of OH’ ions produced at the cathode in F6C2 via reduction, was
higher than in F6C1, which in turn resulted in a lower pH.

12.2.2. Cell 3 (F6C3) and Cell 4 (F6C4)

The volume of the cathode liquids extracted daily for F6C3 (EDTA-EK-CET and
F6C4 (EDTA-EK-AET) is shown in Figure 66. The maximum value for F6C3 was 12.4
mL (185 hours). The comparative value for F6C4 was 8.4 mL (497 hours). Total
volumes extracted for F6C3 and F6C4 were 112.5 mL and 108.7 mL respectively.
Average volumes for F6C3 and F6C4 were 4.7 mL and 4.5 mL respectively.

For F6C3 and F6C4, two temporal pH zones were observed. A pH-Zone 1, where
rapid pH increases are depicted and pH-zone 2, where constant,.but high pH values (11.5-
13.0) are observed. The use of EDTA in F6C3 and F6C4 prevented the movement of
acid front from anode to cathode, thereby preventing any pH decrease in the cathode
liquids.

The pH distribution of the liquids extracted, versus time from F6C3 and F6C4 is
shown in Figure 67. Maximum and minimum pH values for F6C3 were 12.6 (256 hours)
and 7.9 (17 hours). Maximum and minimum values for F6C4 were 13.0 (209 hours) and
7.9 (17 hours). As with F6C1 and F6C2, F6C3 shows two temporal pH zones. Zone 1,
from 17 to 161 hours represents the increasing pH zone due to the reasons outlined in

section 5.2.1. The rate of increase during this time was 0.67 units/day. In pH-Zone 2,
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from 161 hours to 546 hours, which can be seen in both F6C3 and F6C4, represents an
area of high and relatively constant pH of the extracted liquids. This phenomenon was
similar to that seen in F6C1 and F6C2.

Comparing F6C2 (EK-CET) and F6C3 (EDTA-EK-CET), reveals the effect of the
use of EDTA on the overall pH of the extracted liquids. The use of EDTA did not effect
the pH of the extracted liquids, except during the early stages of the experiment, that was
observed at 17 hours. The pH of the liquids extracted from F6C2 and F6C3 were 8.3 and
7.9 respectively. However, from 161 hours to 546 hours, there was no discernable
decrease in pH in F6C3, as there was in F6C2. The use of EDTA and the negative
complexes formed in F6C3, induced an electrolytic migration that was from cathode to
anode. This flow was in the opposite direction of the acid front and therefore inhibited
the movement of the acid front. This prevented the pH from decreasing as time
progressed. F6C4 displayed similar phenomena, with an absence of a pH decrease in pH-
zone 2, which can be attributed to the use of EDTA. Comparing Figure 67 to Figure 69
(F6C5, no IET), the use of a cation exchange textile (F6C3) or an anion exchange textile

(F6C4) did not effect the pH of the extracted liquids.
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12.2.3. Cell 5 (F6CS5) and Cell 6 (F6C6)

The volume of the cathode liquids extracted daily for F6C5 (EDTA-EK) and
F6C6 (EDTA-EK-CET & AET) is shown in Figure 68. The maximum value for F6CS
was 20.5 mL (137 hours). The comparative value for F6C6 was 8.2 mL (17 hours) and
0.0 mL (24, 41 and 65 hours). Total volumes extracted from F6C5 and F6C6 were 137.4
mL and 139.3 mL respectively. Average volumes for F6C5 and F6C6 were 5.7 mL and
5.8 mL respectively.

The temporal pH distribution of the liquids extracted from F6C5 and F6C6 is
shown in Figure 69. Maximum and minimum pH values for F6C5 were 12.8 (305 hours)
and 8.6 (17 hours). Maximum and minimum values for F6C6 were 12.8 (281 hours) and
8.4 (17 hours). F6CS5 and F6C6 show two temporal pH zones. The first zone, pH-zone
1, from 17 to 161 hours, represents the increasing pH zone. The rate of increase is
difficult to calculate due to the absence of values from 24 hours to 65 hours. However an
increasing trend, similar to that of cells 1 to 4 is observed. The second zone, pH-Zone 2,
from 161 hours to 546 hours, which can be seen in both F6C5 and F6C6, represents an
area of high and relatively constant pH. Values were consistently above 12.0 and were
similar to previous cells. The only difference between F6C5 and F6C6 was the use of
textiles in F6C6. Although the pH in F6C6 was 0.1-0.2 units lower than comparative
values in F6CS35, it is no reason to attribute this to the use of textiles. Based on the small
differences in pH within this zone, and similar temporal distributions within all cells

utilizing EDTA (F6C3 to F6C6), it can be seen that the textiles have no effect on the use

pH of the extracted liquids.
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- 12.3. Soil pH

With respect to the soil pH, it can be observed that for all cells, a prevailing trend

existed, with some degree of variation. All cells show high pH values in the cathode

region (due to OH" formation) and lower pH values in the anode region; at or below the

initial value of 7.6 (due to hydrogen ion formation at the anode).

Proceeding from cathode to anode, three distinct pH zones were observed relative

to the initial pH. This phenomenon was observed in all cells in this experiment and in

experiment F5 (see Chapter 11) and can be used as a model for electrokinetic experiments

employing natural clayey soil. It should be noted that these zones differ in length and

extent due to the presence or absence of the chelation agent EDTA. From anode to

cathode, the zones observed were as follows:

1.

Zone 1: Final pH >> Initial pH, High pH Gradient. Zone 1 was located in
the proximity of the cathode and represented an area of high pH values and
gradients. For all cells the gradients were similar, and their spatial extent was
similar ranging from 4.0 to 5.0 cm in length. Typically, zone 1 began at the
cathode (16.0 cm from the anode) and ended 10.0 to 11.0 cm from the anode.
The pH gradients were independent of the use of EDTA and are in the range
of -0.42 to -0.53 pH units/cm for F6C1 to F6C5. The pH gradient in F6C6
was -0.36 pH units/cm.

Zone 2: Final pH > Initial pH, Low pH gradient. Zone 2 is located in the
central portion of all cells. In this zone, the final pH is higher than the initial,
approximately 0.1 to 1.0 pH units above the initial. The extent of this zone
was dependent on the presence of EDTA within the cell. For F6C1 (EK-AET)
and F6C2 (EK-CET), the zone extended from the edge of zone 3
(approximately 11.0 cm from anode) to approximately 3.5 to 7.5 cm from the
anode. Therefore the zone extends for 3.5-7.5 cm. In F6C3 to F6C6, where
EDTA was utilized, the zone was significantly shorter, in the range of 2.0-4.0
cm. The pH gradient in zone 2 was similar for F6C1 to F6C5 and in the range
of -0.11 pH units/cm to -0.15 pH units/cm. F6C6 deviated from this trend
with a gradient of -0.26 pH units/cm.
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3. Zone 3: Final pH < Initial pH, Low pH gradient. This zone began at a
maximum of 7.5 cm from the anode and extended to the anode. For those
cells not employing EDTA (F6C1 and F6C2), this zone extended only 3.0-4.0
cm. The decrease in pH can be attributed to the constant formation of
hydrogen ions due to the oxidation of the anode according to electrochemical
theory. The pH gradient in this zone is low and independent on the use of
chelation agent, in the magnitude of -0.040 to -0.080 pH units/cm.

Table 40 shows a comparison of results related to the pH distribution at the end of

the experiment within each cell.

Table 40 Soil pH: Distribution at the End of Experiment

Parameter Cell 1 ~Cell2  Cell3 Cell 4 Cell 5 Cell 6
| (F6C)  (F6C2) - (F6C3) (F6C4) (F6C5)  (F6CS)

MmpH T 0z 7716 695 709 706 705
Max pH S a2 1wess 1038 . 1051 10.29 1037
pH Grad, [units/em] 053 -0.43 042 049 -0.43 036 |
Length. . =~ - R : .
fem} . - 50 50 . 40 40 4.0 4.0
ZONE2 = L
pH Grad. [unitsem] 012~ -0.15 014 011 -0.15 026
Length ‘ f
fem] 6.5 7.5 5.0 5.0 5.0 50 |
pH Grad. [units/cm] -0.04 -0f07 -0.08 -0.05 -0.04 -0.05 :
Length ’ !
fem] : 4.5 3.5 7.0 10 7.0 70
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1-D Spatial Soil pH Distribution
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1-D Spatial Soil pH Distribution
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From a comparison of F6C5 with cells F6C1, F6C2, F6C3, F6C4, and F6C6 it can
be concluded that the presence of anion and cation exchange textiles had a moderate
effect on the pH distribution within the soil. The CETs seemed to raise the pH in the area
just before the textile (between the textile and the anode). This is evidenced with a
comparison of F6C6 to those cells in experiment F5 (FSC1 and F 5C2). The pH values in
this area are 0.25-0.50 pH units higher in F6C6 than in FSC1 and F5C2. In F6C2 (EK-
CET) and F6C3 (EK-EDTA-CET), the pH values were slightly higher than F5C1 and
F5C2 in this area. Comparing the cells utilizing AET (F6C1, F6C4 and F6C6) to F5Cl1
(EDTA-EK), F5C2 (EDTA-EK), and F6C5 (EDTA-EK) shows that the AETs had
minimal effects on the pH distribution.

As stated previously, the use of EDTA had a large effect on the pH distribution by
spatially extending zone 1 (the area of low pH, less than the initial pH) and decreasing the
length zone 2. In addition, the pH in the cathode region of those cells utilizing EDTA
was approximately 0.50-1.00 units lower than those not employing EDTA. EDTA
therefore produced more favorable conditions for heavy metal mobilization, and overall
accessibility to EK transport. It can be seen from a comparison of all cells employed in
experiment F5 and F6 that the trends are similar, which shows that accurate correlations
can be made.

12.4. Metal Concentration

The concentration of lead, nickel, iron and calcium in the soil and retained on the
textile was measured using the methods outlined in chapter 9. This section deals with a
discussion of the metal concentration in the soil, the soil in the proximity of the textile

and on the textile itself.
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12.4.1. Nickel and Lead
12.4.1.1' Nickel and Lead Concentration in the Soil

The nickel and lead concentration distributions in soil between electrodes for
F6C1 to F6C6 are shown in Figure 73 to Figure 78 respectively. The initial lead and
nickel soil concentrations were 31 mg/kg and 9.3 mg/kg respectively. The soil in F6C1
and F6C2 contained very low concentrations of nickel and lead, since these cells were not
contaminated with PbCl; and NiCl,. The initial nickel and lead concentrations were 31
mg/kg and 9.3 mg/kg respectively (SFE-AAS methodology). Both nickel and lead
concentrations in F6C1 were higher in the cathode region. This is an indication that
electrolytic migration and electroosmosis occurred from anode to cathode, as is typical of
an EK cell without the use of a modifier. Nickel and lead ions were transported via
electrolytic migration toward the cathode until the high pH barrier (see Figure 73) was
reached. At this point, the metal ions were no longer mobile and formed precipitates
beginning 3.5 cm from the cathode, as indicated by the sharp increase in the soil nickel
concentration. Therefore, electrolytic migration of metals was directly affected by the pH
within the soil, as it effects the solubility of metals and consequently their availability to
EK transport. Maximum and minimum nickel concentrations were 28.8 mg/kg and
undetectable respectively. Corresponding values for lead were 19.9 mg/kg and
undetectable respectively. The anion exchange textile did not play a role in the

localization of nickel in F6C1. With a net surplus of cations in the system, the EK flow

was from anode to cathode.
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Pb and Ni Distribution in Soil - F6C3
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Initial Ni concentration: 31 mg/kg
Initial Pb concentration: 9.3 mg/kg
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F6C2 was characterized by low nickel and lead concentrations in the entire cell.
This indicates that electrokinetic transport occurred and localized on the CET. As in
F6C1, net electroosmotic flow and electrolytic migration was in the anode to cathode
direction. The transport of lead and nickel occurred in this direction and the location of
the CET (3.0 cm from the cathode, in the high pH cathodic zone), allowed for the
exchange of lead and nickel before they could form immobile precipitates. As a result,
lead and nickel concentrations below 1.0 mg/kg of soil resulted throughout the soil. The
metals were essentially localized on the textile.

Table 41 summarizes the “two zone” phenomenon that occurred in both cells.
The nickel and lead distribution in F6C3, F6C4, F6C5 and F6C6 show generally two
zones of concentration. Conc.-Zone 1, 0.0 to 8.5 cm from the cathode, consists of low
lead and nickel (below 4.0 mg/kg dry soil) concentrations. Conc.-Zone 2 is beyond 8.5
cm from the cathode, where both the lead and nickel concentrations in F 6C3, F6C4, F6C5
and F6C6 increase consistently while approaching the anode. The concentrations in areas
not subjected to the electrical field were significantly higher.

The effect of EDTA can be seen from a comparison of the distributions between
cells. In F6C3 to F6C6, significant electrolytic migration of anionic complexes occurred
from cathode to anode, resulting in movement of Pb-EDTA and Ni-EDTA complexes,
and an increased ionic concentration within Conc.-Zone 2. Both F6C3 and F6C4 showed
lead concentrations within the soil to be 1.3 and 1.6 times higher than nickel within
Conc.-Zone 2. In F6C6, lead concentrations were 3.5-4.0 times higher than nickel, in the
proximity of the anode. However, significant transport of lead and nickel complexes to
the anode region was achieved. The high stability of lead and nickel EDTA (Chapter 7,
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Table 26) complexes allowed for these heavy metals to remain in ionic form, thereby

being accessible to EK transport to the anode region. The order of metal-EDTA complex

formation according to the stability constants is as follows:

Fe(Il)-EDTA" > Ni-EDTA? > Pb-EDTA? > Fe(I)-EDTAZ > Ca-EDTAZ

Table 41 Characteristics of Pb and Ni Concentration After Enhanced EK Treatment

F6C5 shows a distribution similar to that of experiment F5 described in chapter

11. The presence of EDTA resulted in an abundance of anionic metal complexes within

the system, thereby resulting in net electrolytic migration from cathode to anode. The
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low concentrations observed from the cathode to 8.5 cm from the cathode, coupled with
significantly higher concentrations in the anode region, indicate the occurrence of three
distinct phenomena in F6CS5, as well as F6C3, F6C4 and F6C6:

1. The formation of Ni-EDTA and Pb-EDTA complexes, thereby creating an
abundance of anionic species within the cell.

2. The Ni-EDTA and Pb-EDTA complexes were transported from cathode to anode.
This resulted in a zone of low concentration and a zone of concentrated lead and
nickel, as shown in Figure 77.

3. TItis speculated that the lower pH and the presence of ligands such as PO, COs%,
CI" and OH;, in the anode region promoted the precipitation of these forms of lead
and nickel, thereby causing their immobilization in the proximity of the anode.
These results and distributions are similar to those presented in experiment F5 and

they show the effectiveness of EDTA as a chelating agent for the enhancing the solubility
of accessibility of lead and nickel during electrokinetic treatment. Without the use of a
textile, moderate localization was achieved with 87% of nickel localized within 1/5th of
the cell and 71% of lead localized within 1/4th of the cell. This is comparable to the
localization achieved in experiment F5. The use of a textile would allow for increased

localization (onto a 2 mm thick textile) and this was examined in the sections to follow.

12.4.1.2. Lead and Nickel Concentration for the Soil in the Proximity of the Textile
The lead concentration for the soil in the proximity of the textile for F6C1 to cell

F6C4 and F6C6 are shown in Figure 79 to Figure 84. F6C1, with no additional lead and

nickel contamination showed low concentrations on both anode and cathode sides.
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Figure 79 Concentration of calcium, iron, potassium, nickel and lead (mg/kg) in soil
adjacent to the AET (F6C1)
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Figure 80 Concentration of calcium, iron, potassium, nickel and lead (mg/kg) in soil
adjacent to the CET (F6C2)
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Figure 81 Concentration of calcium, iron, potassium, nickel and lead (mg/kg) in soil
adjacent to the CET (F6C3)
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Figure 82 Concentration of calcium, iron, potassium, nickel and lead (mg/kg) in soil
adjacent to the AET (F6C4)
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Figure 83 Concentration of calcium, iron, potassium, nickel and lead (mg/kg) in soil
adjacent to the AET (F6C6)
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Figure 84 Concentration of calcium, iron, potassium, nickel and lead (mg/kg) in soil
adjacent to the CET (F6C6)
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The cathode side of the AET in F6C1 showed a slightly higher nickel and lead
concentration. The higher concentrations observed on the cathode side can be attributed
to the presence of lead and nickel on the cathode side of the AET, due to electrolytic
migration from anode to cathode. Without EDTA, the ions existed in their cationic state
and therefore passed through the AET. Maximum lead concentration observed was 0.552
mg/kg. A comparative value for nickel was 1.094 mg/kg. The highest concentrations
were observed in the central locations, as this is where the intensity of the applied
electrical field was at its highest.

For F6C2 (EK-CET, Figure 80), where the soil was the same to that of F6C1 (EK-
AET), higher lead and nickel concentrations were observed on the anode side of the CET.

This can be attributed to the following phenomenon:

1. Since EDTA was not employed in F6C2, net migration was from anode to
cathode. Lead and nickel ions were transported towards the cathode.

2. Upon reaching the proximity of the CET, some lead and nickel ions
exchanged onto the textile. As a result, a lower concentration of lead and
nickel was observed on the cathode side. The lead and nickel ions located
between the CET and the cathode were transported to the cathode where they
were collected in the pore liquid at the cathode.

Unlike F6C1, there was no discernable concentration of ions spatially.

F6C3 (EDTA-EK-CET) and F6C6 (EDTA-EK-CET & AET) showed different
results related to nickel and lead concentration. F6C6 showed significantly higher lead
and nickel concentrations in all locations. More lead and nickel ions were complexed

with EDTA in F6C3, than in F6C6. These complexed ions passed through the CET and

continued their migration toward the anode. This is shown in Figure 75 (Ni and Pb soil
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concentrations) where the highest concentrations of lead and nickel were observed in the
anode region, due to the migration of Pb-EDTA and Ni-EDTA complexes from anode to
cathode. In F6CS6, it is probable that there was an abundance of uncomplexed lead and
nickel ions, which were transported towards the cathode, and uncomplexed (non-EDTA
complex) ions existing between the cathode and the CET. Nevertheless, these values are
consistent with the lead and nickel distribution in the soil as shown in Figure 78. The
concentration in the cathode region was similar to those observed for the soil in the
proximity of the textile.

Comparing the soil in the proximity of the AET for F6C4 and F6C6 shows
striking similar trends. Concentrations on the cathode side were 10-25% higher than on
the anode side, which is an indication that negative complexes were possibly exchanged
onto the AET. The appreciable concentrations in on the anode side can be attributed to
the initially contaminated soil and addition of EDTA. The negative complexes formed
would attempt to flow in the cathode to anode direction. However, these ions were
already in the anode region and therefore remained stagnant. This is further evidenced in
Figure 76 and 78 (Ni and Pb soil concentration), where the Pb and Ni concentrations are
5-7 times higher in the anode region than in any other part of F6C4 and F6C6.
12.4.1.3. Lead and Nickel Concentration on the Textile

The nickel retained on the textile was determined in order to obtain its overall
removal efficiency and degree of localization. The concentrations of lead and nickel at

specified locations on the textiles in F6C1 to F6C6 are shown in Figure 85 to Figure 90

respectively.
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Figure 85 Concentration of metals (mg/L) retained on the textile (F6C1 EK-AET)

‘Top-Middle

UD = Undetectable

LEGEND

250

Figure 86 Concentration of metals (mg/L) retained on the textile (F6C2 EK-CET)
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Figure 87 Concentration of metals (mg/L) retained on the textile (F6C3 EK-EDTA-CET)
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UD = Undetectable

LEGEND

251



Bottdm—Leﬁ -

i
“: e

'1

Botidm—Mi_ddle -

Bottom-Right

ENEREN

Figure 89 Concentration of metals (mg/L) retained on the textile (F6C6 EDTA-EK-AET)

Top-Middle

Top-Right

Bottom-Middle

L - .

'

Bottom-Right

m‘

UD = Undetectable

LEGEND

252

Figure 90 Concentration of metals (mg/L) retained on the textile (F6C6 EDTA-EK-CET)




F6C1, with no additional contamination and an AET, showed negligible exchange
of cations, as expected. Theoretically, the AET should not have exchanged any cationic
species. The values obtained can be attributed to the presence of metal being enmeshed
in the textile (physical process), rather than by ion exchange. The absence of EDTA
resulted in a lack of metallic-EDTA complexes and therefore negligible concentrations of
lead and nickel exchanged onto the AET.

In F6C2, both lead and nickel were exchanged on the cation exchange textile. In
the absence of EDTA, there was an abundance of cationic species, including lead and
nickel within the cell. Therefore, electrolytic migration and electroosmosis was from
anode to cathode, which resulted in a flow of nickel and lead from anode to cathode
where they exchanged onto the textile before they could form precipitates in the high pH
zone. Removal efficiencies for lead and nickel by the CET were 213% and 82%
respectively. The absence of EDTA within the cell still resulted in high removal
efficiencies. The erroneous value obtained for lead can be attributed to perfectly uniform
distribution of lead in the initial soil or errors related to experimental procedures and
analysis.

Comparing the removal efficiencies of the textiles in F6C3, F6C4, and F6C6 with
that of F6CS5 (no textile) displays the improvements that resulted with respect to the use
of EDTA, one type of textile and both textile types (AET and CET). A comparison of
lead and nickel removal efficiencies by AETs and CETs in F6C3, F6C4 and F6C6 are
shown in Table 42. There is a marked improvement in the cells which utilized textiles, in
comparison to F6C5. Localization was higher, particularly in F6C6, where both textile

types were employed.
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Table 42 Lead and Nickel Removal Efficiencies by IETs

Pb . NiRemoval NiRemoval Total Pb . Total Ni
Removal - Efficiency . Efficiency . Removal - Removal
Efficiency ' Effi (CET) " (AET) - . Efficiency Efficiency
- (CED) ST Textile Textile
F6C3  6a% - e T o " 64% 66% |
_F6C4 - 74% 69% - 74% 69%
F6C6 3% ST%. 4% 43% 90% . 85%

The CET in F6C3 (EDTA-EK-CET) removed approximately equal amounts of
lead and nickel, but the removal efficiency was only moderate (64% for Pb and 66% for
Ni). The exchange of these metals on the CET is an indication that significant amounts
of lead and nickel ion were not complexed and remained in their cationic forms. It is
most likely that a countercurrent flow existed with some cationic forms of lead and nickel
being transported to the cathode. The addition of EDTA resulted in an abundance of
anionic species, typically in the form of Pb-EDTA and Ni-EDTA complexes, thereby
shifting the net flow in the cathode to anode direction (although cationic species were still
transported towards the cathode). As a result, those complexes that were transported to
the anode region remained in the soil, since no AET was present. This is shown in the
lead and nickel concentration distribution (Figure 75), where the concentration of these
metals in the soil was significantly higher in the anode region than in other location
within the cell. The lead concentrations are 10-15 times higher on the textile for F6C3,

F6C4 and F6C6. This is an indication that the most of the lead and nickel ions that were
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transported to the proximity of the textile by electrokinetic processes, were exchanged on
the textile.

Table 43 shows the augmentation in removal efficiency that occurred with the
addition of one and/or two textiles. F6C5, which did not contain textiles, showed
moderate localization, with 77 % of nickel localized within 18% of the cell and 71% of
lead localized within 27% of the cell. The use of EDTA showed that increased
mobilization and EK transport occurred, which allowed for moderate localization. The
principal disadvantage of not utilizing textiles was that a very high degree of localization
was difficult to achieve. In addition, from a practical standpoint, approximately 15-30%
of the soil remains contaminated.

The use of both anion and cation exchange textiles improved the removal
efficiency and the overall localization during electrokinetic treatment. Table 58 shows a
comparison of the degree of localization achieved with and without the use of textile.
Both Table 57 and Table 58 provide a summary of the efficiency of EDTA and ion
exchange textiles for the localization and removal of lead and nickel from natural clayey
soil.

Table 58 shows the augmentation achieved related to the use of textiles during EK
methodology. In F6CS5, the use of only EDTA resulted in 50% of lead and 79% of nickel
localized in 20% of the soil. The use of a CET in F6C3 resulted in a 27% improvement
in lead and localization within 20% of the soil. Comparing F6C5 to F6C4, where an AET
was utilized, an additional 43% of lead and 21% of nickel was localized within 10% of

the cell. The use of both types of textile augmented the remediation process significantly,
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where 95% of lead and 91% of nickel were localized within 10% of the soil. This

represented a large improvement over F6CS where no textile was employed.

Table 43 Comparison of Enhanced Electrokinetic Localization

. Cell: AET . CET . Degree of Pb and Ni - Degree of Pb and Ni
S Utilized?  Utilized? ~ Localization within 10 % Localization within 20 % !
. - of Soil of Soil :
-F6C3 AN 73% (Pb) 77% (Pb)
| 72% (Ni) o 74% Ni)
F6Ca v 82% (Pb)  86% (Pb)
F6C5 39% (Pb) 50% (Pb) o
| 62% (Ni) L 79% @Ni) |
¥6C6 Y 7 95% (Pb) T 99% @b)
| 91% (Ni) . 99% (Ni)

The presence of iron represented a problem with respect to the use of cation
exchange textiles. As shown in Figures 87, 88 and 90, high concentrations of iron
exchanged onto the textile, despite the fact that these textiles were manufactured to be
selective to lead and nickel. The high concentrations of iron (220-250 mg/kg) were also
observed on the soil in the proximity of the AET and CET in F6C3, F6C4 and F6CS.
However, high concentrations were observed only on the CETs, not the AETs.
Therefore, Fe-EDTA complexes were transported to the proximity of the AETs in F6C4

and F6C6, but they did not exchange on the AET itself. These are desirable results since
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Fe-EDTA complexes did not compete with Pb-EDTA and Ni-EDTA for exchange sites
on the AETs. Calcium and potassium were present in low concentrations on the textile
and tended not to cause any problems related to competition for exchange sites on the
textiles.

12.4.2. Calcium

12.4.2.1. Calcium Concentration in the Soil

The concentration of calcium in soil and its variance from anode to cathode is
shown in Figure 91 to Figure 96 for cells F6C1 to F6C6 respectively. The initial calcium
concentration in the soil was 250 mg/kg. All cells show similar concentration
distributions, with calcium concentrations approximately 25% higher in the cathode
region than in the anode. The concentration is a reflection of the soil pH in all cells.
Since the solubility of calcium is highly dependent of pH, and since the pH distribution
for F6C1 to F6C6 was relatively similar, a similar calcium concentration distribution
resulted. In F6C1, the pH of the soil in the cathode area increased from 8.6-11.3, and the
calcium concentration in this area did increases substantially from other locations in the
soil. At high pH values, calcium forms insoluble precipitates, particularly Ca(OH),, and
takes part in the formation of OH ions in the cathode area.

The use to EDTA in F6C3 to F6C6 resulted in a lower pH in the cathode region
that in F6C1 and F6C2. This did not correspond to lower calcium concentration in this
area. In F6CS5, the calcium concentration was higher in the cathode region. The
maximum value observed was 118 mg/kg. Therefore, the presence of EDTA did not
minimize the calcium concentration. The use of a CET in F6C2, F6C3 and F6C6 resulted
in a calcium soil distribution that was similar to F6C1 and F6C4, where a CET was not

257



employed. This is an indication that the CET did not exchange calcium. This is

favorable, since competition between Ca with the Pb and Ni ions probably did not occur.

Soil Metal Concentration vs. Spatial Distribution: Ca, Fe
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Figure 91 Ca and Fe concentration at the end of the experiment (F6C1 EK-AET)
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Figure 92 Ca and Fe concentration at the end of the experiment (F6C2 EK-CET)

Initial Ca concentration: 250 mg/kg ‘
Initial Fe concentration: 273 mg/kg
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Soil Metal Concentration vs. Spatial Distribution: Ca, Fe
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Figure 93 Ca and Fe concentration at the end of the experiment (F6C3 EDTA-EK-CET)
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Figure 94 Ca and Fe concentration at the end of the experiment (F6C4 EDTA-EK-AET)

Initial Ca concentration: 250 mg/kg
Initial Fe concentration: 273 mg/kg
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Figure 95 Ca and Fe concentration at the end of the experiment (F6C5 EDTA-EK)
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Figure 96 Ca and Fe concentration at the end of the experiment

(F6C6 EDTA-EK AET & CET)

Initial Ca concentration: 250 mg/kg
Initial Fe concentration: 273 mg/kg
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12.4.2.2. Calcium Concentration: Soil in the Proximity of the Textile

The calcium concentration for the soil in the proximity of the textiles in F6C1 to
F6C4 and F6C6 are shown in Figure 79 to Figure 84 respectively.  The calcium
concentrations observed are directly related to the pH and location of the textile. For
F6C1, F6C4 and the AET in F6C6, the calcium concentrations were one-third to one-half
those of F6C2, F6C3 and the CET in F6C6. This is not due to the textile being used, but
rather the location and the pH distribution in the corresponding area. The location of the
AETs were in an area of low pH (7.3-7.8) and typically, calcium ions are relatively
soluble. In the cathode region, where the CETs were located, the pH was in the range of
8.5-11.0 due to the constant production of OH  ions. At this pH, calcium forms
Ca(OH),, which is then reduced to Ca®** and OH" ions. The calcium ion then forms
Ca(OH), once again. Similar concentrations were observed on the middle and adjacent
sections of the textile. It seems that the calcium concentration is a product of
electrochemical processes. In order to minimize the formation of calcium, the system
chemistry has to be optimized, by lowering the overall pH within the system.
12.4.2.3. Calcium concentration on the Textile

The total calcium concentration located on the textiles of F6C1 and F6C2 is
shown in Figure 85 and Figure 86 respectively. The total amount of calcium retained on
the textile for F6C1 and F6C2 was 20.00 mg/L and 25.69 mg/L respectively. For both
cells, this concentration was relatively low, which indicated that the presence of calcium
did not impede the exchange of the target compounds significantly, namely lead and
nickel. Superimposing these results with those of the soil further evidences this fact. It
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can be seen in both cells that the calcium concentration of the soil samples adjacent to the
textile was 2-3 times higher for F6C1 and 3-4 times higher for F6C2, than on the textile.
This indicates that the textile allowed for the passage of calcium ions. However, the
presence of calcium indicates that the textile also acts as a filter, which is undesirable,
since many nickel and lead exchange sites are used by calcium ions. This phenomenon
must be taken into consideration in any comparable field operation. However, based on
the results obtained, the presence of calcium does not represent problem related to the
tested textile efficiency.
12.4.3. Tron
12.4.3.1. Iron Concentration in the Soil

The iron concentration in the soil for F6C1 to F6C6 is shown in Figures 91 to 96
respectively. The initial iron concentration in the soil was 273 mg/kg. The iron
concentration in F6C1 to F6C6 was comparable and they represented the highest metal
concentration of the ones analyzed. The high concentration was most likely due to the
extensive oxidation of the anode and the initial iron already present within the soil. All
cells showed higher concentrations observed in the anode regions than in the cathode

regions. This phenomenon can be attributed to the following:

1. The formation of iron ions due to anode oxidation occurred in this area.

2. The formation of Fe-EDTA complexes resulted in their transport from cathode
to anode. Once these complexes reached the lower pH zone in the anode
region, they exchanged onto the anion exchange textile or formed precipitates
in the anode region.
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Table 44 shows a comparison of the maximum and minimum iron concentration
in the soil for each cell. It shows similar values of iron in all cells. The high iron
concentration in the cathode region shows that EK transport of ferrous ions in soil was
high. This transport was countercurrent to the transport of lead and nickel complexes.
Once these ions were transported to the cathode, the hydroxide ions produced at the
cathode formed ferrous and ferric hydroxide precipitates, which caused high soil

concentrations. All cells were subjected to anode oxidation, which introduced these

levels of iron into the soil.

Table 44 Maximum and Minimum Iron Concentrations in the Soil

Cell ‘ Maximum Iron Concentration Minimum Iron Concentration
| | (mg/kg) | (mg/ke)

F6Cl = 286 T 175
F6C2 273 12
F6C3 . 247 133
,:1«"6(:4 228 134
mecs 271 o 134

F6C6 248 136

12.4.3.2. Iron Concentration for the Soil in the Proximity of the Textile

The concentration of iron for the soil in the proximity of the textile in F6C1 to
F6C4 and F6C6 are shown in Figure 79 to Figure 84. For F6C1 and F6C4, where AET
were used, the iron concentration on both the anode and cathode sides were similar to

those observed in the soil. This is an indication that the iron ions formed on the anode
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side of the AET did not exchange on the textile. Without the presence of EDTA to form
negative complexes, the ions formed due to the oxidation of the steel anode and mesh
could not exchange on the AET. In addition, the two-dimensional spatial variation was
negligible in both cells with maximum and minimum values of 262.0 mg/kg and 239.4
mg/kg and 239.4 mg/kg and 212.0 mg/kg for F6C1 and F6C4 respectively. The high iron
concentration can be attributed to the high initial iron content of the soil and oxidation
occurring at the anode.

In F6C2, where a CET was used, the iron concentration was appreciably lower
than in F6C1, due to the location of the textile (in the cathode region). Maximum and
minimum values for the CET in F6C2 were 171.6 mg/kg and 134.2 mg/kg respectively.
The concentration on the cathode side was 20-50 mg/kg lower than on the anode side for
each location of the textile. Some iron ions were exchanged onto the textile, therefore
resulting in a lower concentration on the cathode side.

The opposite phenomenon was observed in F6C3 where a CET was also used.
The iron concentration on the cathode side of the textile was 15-25 mg/kg higher than on
the anode side. This is due to the presence and effect of EDTA. In F6C3, net electrolytic
migration was from cathode to anode, due to the abundance of Fe-EDTA anionic
complexes. It is possible, that some complexes, particularly those between the cathode
and the CET may have become immobile in the high pH zone and remained in this
location (in the proximity of the textile). It is possible that most Fe?* ions, as a result of
the dissociation of FeCO;, did not form complexes and therefore remained in their

location. The ions that came into contact with the textile readily exchanged.
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For the AET in F6C6, the iron concentration was similar to F6C4. The variation
from anode side to cathode side was negligible. Maximum and minimum values
observed were 243.6 mg/kg and 223.6 mg/kg respectively. It is possible, that iron
complexes were not exchanged onto the textile or that the constant formation of Fe2* ions
(non-EDTA complex) due to the oxidation of the anode and anode mesh offset those ions
exchanged onto the textile, by passing through the AET. This resulted in a similar
concentration on both sides of the soil in the proximity of the textile.

Iron concentration values were consistently 7-10 times higher than the
corresponding values for calcium. These high values are expected due to the extensive
oxidation that occurred during the electrokinetic experiment, which released ferrous ions
into the soil. The oxidation of ferrous ions to insoluble ferric ions resulted in
precipitation to Fe(OH);. This accounted for the iron concentration in this area. The
amount of iron in the proximity of the textile is of concern to the ion-selective textile
because iron ions may acquire the exchange sites that are delineated for the target heavy
metals.
12.4.3.3. Iron Concentration on the Textile

The iron concentration on the textile for both F6C1 (EK-AET) and F6C2 (EK-
CET) is shown in Figure 85 and Figure 86 respectively. In order to facilitate a proper
comparison, the nickel concentration detected on the textile is also shown. In F6C1, the
top-middle sample (see Figure 85) contained approximately equal amounts of iron and
nickel. This is detrimental to the electrokinetic removal of heavy metals since increased
removal of nickel was prevented by the retention of iron on the textile. In the bottom-
right sample of F6C1, a higher concentration of iron was retained. For F6C2, the bottom-
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right (see Figure 85) sample retained 2.5 times more iron than nickel, which is
undesirabie. As stated previously, the amount of iron present in the cell can be attributed
to the high levels of oxidation at the anode. In other locations of the textile, the amount
of nickel retained was substantially higher, but the amount of iron was appreciable and
definitely poses a problem related to the use of exchange sites that could be used for the
removal of target heavy metals. Total iron on the textile, consisted of a summation of all
textile samples, for F6C1 and F6C2, was 187.5 mg/L and 281.2 mg/L respectively.

Based on the pH distribution, the locations of the textiles were appropriate. The
cation exchange textiles were located either just before and just at the beginning of the
high pH gradients. This allowed for the removal of heavy metals (non-complexed) just
before entering the high pH zone, thereby preventing precipitation and immobilization.
At the same time, significant localization is achieved. Ideally, the location of the AET
should be just before the pH decreases significantly, since the lower the pH the greater the
tendency of anions to form precipitates. However, sharp pH decreases were not observed
in zone 1 for any of the cell and the pH in this area was close to neutral or above.
Therefore, the location of the AET was not as critical as that of the CETs.

12.4.4. Potassium

Based on the concentration of potassium in the proximity of textile and those
retained on the textile in all cells, it can be seen that potassium did not play a major role
in the EK-EDTA-IET system. Observing all cells, the maximum concentration for the
soil in the proximity of the textile was 20.3 mg/kg (F6C1). The highest potassium
concentration retained by any textile was less than 1.0 mg/L. The concentration on the

CET and in the soil in the proximity of these CETs for cells F6C2, F6C3 and F6C6 were
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very low compared to the other metals that were analyzed. This indicates that potassium
did not enter in competition with lead, nickel and iron for exchange sites. With respect to
the AETSs and the soil in the proximity of the AETs for cells F6C1, F6C4, and F6C6, the
concentrations were also very low, which indicated that potassium ions did form
complexes with EDTA. Therefore, competition for EDTA ligands between potassium

and the target heavy metals (Pb and Ni ions), was not prevalent.
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W30 1 13, CONCLUSIONS AND RECOMMENDATIONS

This thesis dealt with the improvement of standard electrokinetic methodology for
the remediation of natural clayey soil contaminated with lead and nickel. Technology
improvements, to eliminate the inherent problems with standard EK methods, namely
precipitation and immobilization in the high pH zone, and the inherently low solubility of
lead and nickel compounds, were examined. Experiments dealing with the sole use of
EDTA coupled with EK methods showed improved solubility of lead and nickel and
moderate degrees of localization in the anode area. The presence of EDTA promoted the
formation of Pb-EDTA and Ni-EDTA anionic complexes, which where transported via
electrolytic migration to the anode region. Results showed that an average of 85% of
nickel ions localized within 1/4™ of the cell and 75% of the lead ion localized within 1/3™
of the cell.

The experiments utilizing EDTA, electrokinetics and textiles (experiment F6)

provided a detailed four-point analysis related to:

1. Electrical parameters (current, potential and resistance)
2. System chemistry (soil pH, soil metal concentration, cathode liquids)
3. Enhanced mobilization and transport by EDTA and EK methods only, and

4. The overall localization and removal efficiency of EDTA-EK-IET systems.

This thesis also provided a detailed comparison of the relative improvement that the use
of textiles, in combination with EDTA and EK methodology, provided. The use of

EDTA~EK methods, without textiles, produced enhanced solubility and transport of lead
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and nickel. Using all three techniques (EDTA-EK-textiles), solubility was enhanced and
the localization and removal achieved was improved, with 90-95% of lead and nickel ions
localized within 1/10" of the cell. In addition, the use of textiles allowed for the simple
removal of lead and nickel contamination. This represented a significant improvement
over standard EK methods (which typically have been applied only to low pH soil) and
represents a possible remediation technique in natural clayey soil. To summarize, and
with respect to the objectives of this thesis, the following statements and observations can

be made related to all experiments performed and the results obtained:

1. The utilization of EDTA, electrokinetic methods and IETSs improved the
overall localization and removal of lead and nickel from natural clayey
soil. The use of EDTA for enhanced mobilization, EK methods for the
transport of ionic species and textiles for the localization of lead and nickel
showed significant improvements over standard EK and combined EK-EDTA
methods. The hybrid method combining all three techniques produced high
lead and nickel removal efficiencies and a localization of 90-95% within 10%
of the cell. The localization of EDTA-EK cells, produced a nickel localization
of 84% in 1/4™ of the cells and 75% lead localization within 1/3" of the cells

(Chapter 12).

2. The use of EDTA enhanced the solubility of lead and nickel in natural
clayey soil. The lead and nickel concentration was highest in the anode region,
which is an indication that electrolytic migration from cathode to anode was
high, as a direct result of the abundance of Ni-EDTA and Pb-EDTA
complexes. The enhanced solubility of Pb and Ni increased the amount of
metals that were accessible to electrokinetic transport (Chapter 11 and Chapter
12).

3. The pH distribution was generally typical of an electrokinetic cell. High
pH values developed at the cathode in response to the production of OH" ions
in that area. The use of EDTA tended to maintain a lower pH (0.5-1.0 units
lower) in the cathode area. Based on the pH distribution, the cation exchange
textiles were well placed (i.e. just before the sharp pH increase in the cathode
area). The distributions shown previously can be useful in the determination of
the best location of the textile (Chapter 11 and Chapter 12).
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4. The spatial resistance distribution in all cells showed similar trends. The
use of textiles tends to increase the resistance in that area, thereby reducing the
electrokinetic transport efficiency. The use of EDTA did not have a major
impact on the resistance distribution, with the exception of local potential and
resistance gradients occurring at the location of the textile. All cells correlated
to a power function with R? values generally above 0.9. The generally similar
distributions, with or without the use of textiles and EDTA, lend themselves to
the possibility of mathematically modeling the spatial resistance distribution.
Although the use of a textile creates a discontinuity and must be considered
during mathematical modeling (Chapter 11 and Chapter 12).

5. Conclusions related to the use of IETSs:

Sa. The placement of the textile in an area just before the high pH zone

(cathode region) alleviated the problem of extensive carbonate and
hydroxide precipitation. The textile readily exchanged nickel and lead
before they formed precipitates in the high pH zone. This localized these
heavy metals, rather than forming insoluble or low solubility precipitates, as
is prevalent with standard electrokinetic techniques.

Sb. The textiles did not have a drastic effect on the resistance distribution.
In all cells, the textiles caused local gradients at the location of the textile,
which were higher for CETs than AETs. Nevertheless, the improvement in
the localization and removal of lead and nickel achieved with the
introduction of textiles.

Sc. The use of EDTA lowered the overall pH within the soil. This was
shown in a comparison of F6C1 and F6C2 with F6C3 to F6C6.

5d. The textiles did not significantly effect the pH distribution in the soil.

The different locations of the textile in F6C1 and F6C2 did not effect the
pH. This is significant since the pH is a controlling factor over mechanisms
such as mobilization, sorption, ion exchange and precipitation.

Se. The textile can be made to be ion-selective, thereby allowing for the

selective removal of heavy metal contamination. Therefore, lead and nickel

can be removed selectively.

3f. Textiles improved the localization of lead and nickel. Using EDTA for
enhanced mobilization, in combination with EK methodology for transport
to the textiles, allowed for high concentration of target heavy metals to be
localized in a small area of the EK cell.
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3g. The textiles allow for simple removal, recovery and possible recycling of

lead and nickel. By localizing the target heavy metal on a textile, their
removal and recovery represents a relatively simple procedure. Comparing
this to F6CS where lead and nickel were localized within the soil, removal
and recovery of lead and nickel is more difficult. In addition, if recovery is
not desired, disposal still presents a problem.

sh. Textiles alleviate the inherent problems related to standard electrokinetic
processes. The high pH gradients occurring during EX processes create
problematic conditions related to the immobilization/precipitation of cations
in the cathode region (high pH) and anions in the anode region (low pH).
The placement of a CET just before the high pH zone and an AET just
before the low pH zone allowed for the exchange of target species before
they become immobilized in the soil via precipitation or sorption,

6. SFE techniques, using EDTA as a modifier, proved to be effective in the
extraction of lead, nickel, calcium and potassium from natural clayey
soils and those metals bound to textiles. SFE-AAS techniques showed 2-3
times the extraction efficiency as the standard acid digestion technique and
represented a faster, safer and more efficient method of metal extraction
(Chapter 10).

Based on the results presented in this thesis, the use of this hybrid technique,
namely electrokinetics (transport of ionic species in soils having a low coefficient of
permeability), in combination with EDTA (solubility enhancer) and ion exchange textiles
(localization and removal), represents a promising technological innovation for the
remediation of natural clayey soils. Some obstacles must be overcome in order to
strengthen the viability of this technique:

1. The presence of iron within the soil. Its ability to form highly stable
complexes with EDTA creates a competition with Pb and Ni for EDTA
complexation sites. In addition, iron ions tended to also compete with Pb and
Ni for exchange sites on CETs. The method of supplying EDTA, as studied
in experiment F5 seems to be effective in distributing of EDTA throughout
the soil, as evidenced by the cathode-anode direction of transport and the

localization achieved. However, scale-up procedures pose a significant
obstacle.
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2. Establishing the time required for EDTA-EK-IET treatment. This may
be limited by the exchange capacity of the textiles or the efficiency related to
the current supply.

3. Scaling up procedures. This presents a significant obstacle with respect to
determining the amount of EDTA required, since this will be dependent on
the metal content of the soil, and the speciation.

In order to alleviate or minimize some of these problems the following

implementations and aspects that require further research are recommended:

1. Obtain a better characterization of the soil with respect to metal
concentration and speciation. This is particularly important in field
applications. Other metals such as copper, have high stability constants and
can compete with Pb and Ni for EDTA complexation sites.

2. Determine the speciation of metal complexes formed in the anode region
of the cell. It is possible that many strong ligands, such as PO,* can promote
immobilization, thereby rendering these metals immobile and preventing their
exchange onto an AET. Knowing the speciation of these ligands before
treatment and the complexes formed during treatment would be desirable.

3. Determine the amount of EDTA required for the treatment of a given

soil. The presence of metals other than lead and nickel will increase the
stoichiometric amount of EDTA required.
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A, ECOLOGICAL IMPACTS OF HEAVY METALS

S A Accumulation of Metals in the Food Chain

Although some metals have nutritional importance to microorganisms (e.g.
nickel) and members of the food chain, others, such as lead, calcium, mercury, arsenic
have no nutritional importance, and their presence can have adverse human health effects.
Concentration is the most important factor due its influence of potential toxicity.
Essential elements produce their intended effects within a specified concentration range.
The behaviour and potential toxicity of these metals can be altered if these values are
outside a specified concentration range.

Heavy metals can reach the food chain via water, soil, plants, animals, and
humans. Accumulation takes place in certain target tissues, the extent being dependent
on the duration of exposure, and the existing concentration of the metal in the organism’s
environment. Differing reactivities of the heavy metals promote deposition, through the
binding of ionized metals to storage structures. Adsorption and distribution depend
considerably upon the lipid solubility of the individual compound. Corresponding to
their ability to penetrate lipid membranes, organic compounds are more likely to enter
and accumulate in an organism than are inorganic ones. Since individual heavy metals
exhibit different behaviour, a differentiated description of each is necessary.

A.1.1. Accumulation of Lead in the Food Chain

Lead found in food and animal feed comes mainly from external sources, for

example, lead-containing dust can adhere to the surfaces of edible plants. Transfer of

lead from the soil to plants takes place only when the lead concentration of the soil is
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extremely high (more than 5000 mg/kg of dry matter). Plant feed and food have lead
contents ranging from less than 0.1 mg/kg up to 5 or 10 mg/kg of dry matter. Industrial
pollution can cause values of between 100 and 1000 mg/kg in certain areas (Merian,
(1991)). In general, plant foodstuffs contain more lead than foodstuffs of animal origin.
The lead content of animal tissues is caused mainly by the uptake of contaminated feed.
About 10 to 70 % of the total burden is caused by the inhalation of lead containing dust.
Lead shows different accumulation rates in tissue. No more than 0.1 mg/kg lead is found
in the skeletal muscle of farm animals, even if the animals have been exposed to massive
levels. In liver, however, concentrations can reach more than 0.1 mg/kg, and in
exceptional cases even 10 mg/kg in animals from polluted areas. Similar concentrations
are found in the kidneys. Lead concentrations in the muscle, liver, and kidney of wild
boars are higher than those of domestic pigs, which corresponds to the more polluted feed
of wild animals. To avoid accumulation, animal drinking water should not contain more
than 0.1 mg lead per liter (Merian, (1991)).

Within an organism, lead is most likely present in the form of organic
compounds. It is bound to certain protein fractions of the protoplasm in liver and kidney
cells. Highest accumulation takes place in bone. Domestic animal feed with a lead
content of no more than 30 mg/kg dry matter will result in liver levels of less than 1
mg/kg, although swine feed should not contain more than 5 mg/kg lead.

Lead does not play a major role in aquatic food chains. Lead levels in fish depend
upon the amount of lead pollution in the environmental water. Levels of 0.01-0.03 mg/kg
and 0.04-0.15 mg/kg have been determined in fish muscle and liver, respectively, but

these values may increase to 0.08 and 0.09 mg/kg in fish from polluted water. There is
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wide variation in the investigative data, in particular among different species of fish. Fish
can contain up to 0.5 mg/kg lead, oysters up to 1 mg/kg. Accumulation in the aquatic
food chain is limited (Merian, (1991)).

Human intake of lead through food is about 0.3 to 1.0 mg lead per week, with
single cases of up to 2.5 mg/week. A weekly uptake of 3.0 to 4.0 mg is accepted as
toxicologically harmless. About half of human lead intake is through food, of which
more than half originates from plants. The normal food chain from soil to plant to animal
to man causes a dilution, rather than an accumulation, of the metal. The dilution factor is
about 1000, and in polluted industrial areas the factor is approximately 100. No acute
hazard from lead in the food chain has been determined, although it should be kept in
mind that lead content is higher in the liver and kidneys of animals kept near industrial
emission sources. If these organs contain more than 3 mg/kg, they are considered unfit
for human consumption (Fergusson, (1990)).

A.1.2. Accumulation of Nickel in the Food Chain

Food of plant origin shows normal nickel concentrations of about 0.3 mg/kg.
Uptake into plants occurs mainly through the soil, but is also possible from the
atmosphere. Animals show a very slow absorption, but very high excretion rate for
nickel which together result in zero-accumulation in animals, with the exception of some
marine organisms.

A.1.3. Lead in the Food Chain: Observations

Lead in food can result from various sources: 1) lead uptake of plants growing on

high lead soils or treated with lead arsenate pesticides, 2) surface deposition of lead on

plants consumed by food-producing animals or man, 3) inadvertent addition of lead

281



during food processing, and 4) leaching of lead from cans with lead soldered seams or
from improperly glazed pottery used as food storage or dining utensils. Furthermore,
home food preparation practices may be potential sources of additional lead residues in
food. Lead in cooking water may also become part of the diet.

Numerous estimates and investigations exist of the lead content of individual
foods. Large-scale market basket surveys have been conducted in the UK, the Federal
Republic of Germany, and several other countries. Studies on wheat and potatoes show
they contain on the average about 0.04 to 0.09 ppm Pb, meat contains approximate:ly 0.01
to 0.06 ppm, and liver about 0.3 ppm (Merian, (1991)). Although there is a large
variability of lead concentrations in individual foods depending on various factors
including the geographic location in which the food was grown, the following
generalizations can be made:

1. Vegetables: the lead concentrations are highest in the roots, lower in stems
and leaves, and lowest in flowers or seeds. Exception are leafy vegetables that
may retain surface dust or dirt that is not readily removed by washing,

2. Fruits: the highest lead levels are found in the peel and stem. - Foods of
animal origin: muscle meat, unprocessed milk, and eggs have a relatively low
lead content, whereas organ meat, particularly kidney and to a lesser extent

liver, is substantially higher in lead concentrations.

3. Alcoholic beverages: wine may contain substantial amounts of lead with
mean values between 50 and 100 pg/L and individual samples ranging up to
several hundred pg/L (Merian, (1991)) depending on the bottle sealing. High
lead concentrations have also been found in illegally distilled whisky
(moonshine whisky). Lead contamination of the latter may occur from
lead-soldered joints of the distilling apparatus.

The total daily intake of lead varies widely among populations and individuals. It

is difficult to measure the dietary uptake accurately.

Within the past 15 years, attention has been directed to the lead content of com-
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mercial infant foods. A number of studies suggest that infants and young children, on a
body weight basis, may have a significantly higher lead intake than adults. Regarding
bottle fed infants the lead content of drinking water may be of significant importance.
A.1.4. Lead in Drinking Water

Lead in drinking water may result from contamination of the water source or from
the use of lead materials in the water distribution system. Lead entry into drinking water
from the latter is increased in water supplies with soft water and pH values below 6.5.
Human exposure may occur through direct ingestion of the water or via
food preparation in such water. The lead concentrations normally found in drinking water
are of the range of 2 - 25 mg/L (Merian, (1991)).

Numerous studies indicate that the major source of lead contamination of drinking
water is the distribution system itself, particularly in older urban areas with old houses
frequently equipped with lead water pipes. The highest lead levels are encountered in
“first-draw" samples, i.e., water sitting in the piping system for an extended period of
time.

A.1.5. History of Global Lead Pollution

The history of global lead pollution has been assembled from chronological
records of the deposition of lead in polar snow and ice strata, marine and freshwater
sediments, and the annual rings of trees. These records aid in establishing natural
background levels of lead in environmental and biological media and document the
sudden increase of atmospheric lead emissions at the time of the industrial revolution,
with a later burst during the 1920s when lead alkyls were first added to gasoline. Pond

sediment analyses have shown a 20-fold increase in lead deposition during the last 150
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years, documenting not only the increasing use of lead since the beginning of the
industrial revolution, but also the relative fraction of natural versus anthropogenic lead
inputs. Perhaps the best chronological record is that of the polar ice strata, which extends
nearly three thousand years back in time. The authors found an about 10-fold increase
between 1750 and 1940 and an accelerated increase after 1940, which was attributed to
the increasing lead emissions since the beginning of the industrial revolution and the
increased use of lead alkyls in gasoline in the 1920s. At the South Pole, Merian, (1991)
found a 4-fold increase of lead in snow from 1957 to 1977 but no increase from 1927 to
1957. The author concluded that the extensive atmospheric lead pollution, which began in
the 1920s and primarily was located in the Northern hemisphere did not reach the South
Pole until the mid-1950s.

The history of human lead exposure has been estimated on the basis of lead
analyses of ancient teeth and bones. Overall, the available studies show a significant
increase of the lead concentrations in historical and modern human bones and teeth
compared with prehistorical remains of members of premetallurgical societies. It should
be noted, however, that the use of results from such studies, as a basis for comparison
with modern findings requires special caution if erroneous conclusions are to be avoided.
Lead concentrations in human bones markedly increase with the introduction of
metallurgical processes. The amount of lead in organs and bones which may be
potentially active toxicologically in terms of being available to biological sites of action
can be estimated by the measurement of plumburesis in response to administration of a
chelating agent, specifically CaNa,EDTA. The chelatable amount of lead probably

consists of the mobile fraction of lead in soft tissues and the exchangeable bone fraction.
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Dietary lead in humans and animals that is not absorbed passes through the gas-
trointestinal tract and is eliminated with the feces. The same applies to air lead that is
swallowed and not absorbed. Absorbed lead is excreted primarily in urine. The
mechanism of urinary excretion appears to be essentially glomular filtration. Other
excretion routes are gastrointestinal secretion, and nails and sweat. The rate of biliary
excretion in humans is not known. Lead is also excreted in human milk in concentrations
up to 10 ug/L (Merian, (1991)).
“A.2. Effects of Lead on Plants, Animals, and Humans

A.2.1. Effects on Microorganisms and Plants

With respect to the effects of lead on the terrestrial microbiota it appears that
microorganisms are more sensitive to soil lead pollution than plants. Changes in the
composition of bacterial populations may be an early indication of lead effects. These
changes, with the more resistant organisms dominating, may be very drastic at certain
locations. Delayed composition may occur at 750 pg Pb/g soil and vitrification.
inhibition at 1000 pg/g (Fergusson, (1990)). Usually, the effects are smaller in clay and
peat soils compared to sandy soils.

Since most of the physiologically active tissues of plants are involved in growth,
maintenance, and photosynthesis, it can be expected that lead might interfere with one or
more of these processes. Such interferences have been observed in laboratory
experiments at lead concentrations greater than those normally found in the field, except
near smelters or mines. Studies of lead effects on other plant processes, especially
maintenance, flowering, and hormone development, have not been conducted, and no

conclusions can be drawn concerning these processes.
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Lead in soil is strongly immobilized by the humic fraction. The uptake of lead via
the root system depends on the amount of available lead in soil moisture. The literature of
experimental studies reviewed by the U.S. EPA in 1986, supports the conclusion that
inhibition of plant growth begins at lead concentrations of less than 1 mg/kg soil moisture
and becomes completely inhibitory at levels between 3 and 10 mg/kg. Plant populations
that are genetically adapted to high-lead soils may achieve 50 % of their normal root
growth at lead concentrations above 3 mg/kg. Plants that absorb nutrients from deeper
soil layers may receive less lead. A few species of plants have the genetic capability to
adapt to high lead soils. Plant communities near smelter sites, therefore, may experience
a shift toward lead-tolerant plant populations.

A.2.2. Miscellaneous Biochemical Effects

Lead has many diverse physiological and biochemical effects, which generally are
of a deleterious nature. No evidence has been presented for an essential function of lead
in the metabolism of humans and animals. A review of the subcellular effects of lead
have been presented by the US EPA (1986). The effects of lead on energy metabolism
and the neurochemical and neurophysiological correlations of lead toxicity have been
documented by Merian, (1991). Lead interferes with several enzymes that participate in
the heme synthesis pathway. The most important effects are (1) stimulation of the
mitochondrial enzyme b-aminolevulinic acid synthetase (ALA-S), which mediates the
formation of oiaminolevulinic acid; (2) direct inhibition of the cytosolic enzyme
o;-aminolevulinic acid dehydratase (ALA-D), which catalyzes the formation of
porphobilinogen from two molecules of d-aminolevulinic acid (ALA), and (3) inhibition

of ferrochelatase (heme synthetase), which mediates the insertion of iron(lII) into
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protoporphyrin IX to form heme.

The PbB threshold value, at which loch of persons exhibit decreased ALA-D
activity is about 10 ug/100 mL (Merian, (1991)). As far as is known, ALA-D activity is
without functional importance in the mature erythrocyte, in which heme synthesis no
longer occurs. For this reason, inhibition of ALA-D activity is considered a subcritical
effect of no direct biological importance. Inhibition of ALA-D activity by lead is
reflected by elevated levels of its substrate, ALA, in blood, urine, and soft tissues.
Urinary ALA (ALA-U) is frequently employed as an indicator of excessive lead exposure
in lead exposed workers. The diagnostic value of this measurement in pediatric screening
is limited, however, when only spot urine samples are collected. More satisfactory results
can be obtained with 24 h urine samples. Numerous studies indicate that there is a direct
correlation between PbB and log ALA-U in human adults and children. The PbB
threshold for increases of ALA-U is about 40 pg/100 mL (Merian, (1991)).

Inhibition of ferrochelatase by lead results in an accumulation of protoporphyrin
IX in erythrocytes. In lead exposure, the porphyrin acquires a zinc ion in lieu of iron, thus
forming zinc protoporphyrin (ZPP). Elevation of free erythrocyte protoporphyrin (FEP)
or erythrocyte ZPP is closely correlated with PbB and is generally accepted as a true
critical effect of undue lead exposure. In adults, the PbB threshold for ZPP elevation is
about 20-30 pg/100 mL, females being more sensitive than males. In children the
threshold is below 20 p1g/100 mL. According to one study, the no-response level seems to
be below 10 p1g/100 mL (Merian, (1991)).

Anemia is a well-known manifestation of clinical lead poisoning. Although there

are conflicting results in the literature it appears that there is a negative correlation
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between hemoglobin (Hb) and blood lead at higher PbB concentrations. The effects of
lead on Hb production involve disturbances of both heme and globin synthesis. Iron
deficiency as a potential confounding factor, the non-specificity of the Hb parameter as
well as the great inter-individual variation in its sensitivity may give rise to many
difficulties in finding a significant relationship between PbHb and PbB. The PbHb
threshold for reduced hemoglobin content appears to be about 50 11g/100 ml in adults and
40 pg/100 mg in children. The hemolytic component of lead-induced anemia appears to
be attributed to a decreased erythrocyte survival time resulting from increased cell
fragility and increased osmotic resistance.
A.2.3. Effects on Domestic Animals and Wildlife

Although the incidence of lead poisoning among animals is difficult to evaluate
accurately, it has been suggested that lead is one of the most frequent single sources of
accidental poisoning in domestic animals. The most important sources of lead are lead
containing dust fall-out on pastures near lead smelters or lead mines, lead-based paint and
improperly disposed wastes such as oil wastes and storage battery casings. Fall-out from
automotive exhausts has been shown to increase the lead intake, but has not yet been
demonstrated to account for reported cases of lead poisoning. Various groups of wild
living animals, e.g., rats, rabbits, and birds, have been studied as indicators of
environmental lead pollution.

Hazards for lead poisoning may exist for grazing cattle near lead smelters or lead
mines, where lead fall-out or soil lead is extremely high. Numerous fatal intoxications
have been reported from such areas. The acute signs characteristic for lead poisoning

include central nervous system disorders, excitement, stupor or depression, motor
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abnormalities, and blindness. Some animals may die without showing any of these signs.
Clinical signs frequently found in  lead-poisoned horses include
difficulty in breathing, which leads to a characteristic roaring sound, stiffness,
clumsiness, enlarged joints, facial paralysis, muscular weakness, and poor appetite. Lead
intoxications in dogs have been reported from areas where lead paint is common in
dwelling houses and seem to result from ingestion of peeling or flaking lead paint. It is
also known that pellet wedges in wild birds (ducks and other water fowl) paralyze
muscles, and the birds may die of starvation. Merian, (1991) demonstrated, for instance,
that lead impairs selective behavioral functions of feeding (e.g., manipulation of fish) in
young fowl.
A.2.4. Effects of Inorganic Lead on Experimental Animals and Humans
A.2.4.1. Clinical Diagnosis and Sequelae of Lead Intoxications in Humans

The clinical diagnosis of lead poisoning is not always easy. It is made partly on
the basis of subjective and objective symptoms, a variety of signs, biochemical analyses
indicating an accumulation or increased excretion of metabolic products, and evidence of
lead exposure. Individuals may be asymptomatic or symptomatic, presenting a wide
variety of symptoms and being in different states of the disease. Usually, the onset of lead
poisoning, even in cases of acute intoxications, is not a sharply defined event but rather a
continuum of changes from normality to illness.

In adults, the most important symptoms of severe lead poisoning are (in descend-
ing order of frequency): abdominal pain (colic), constipation, vomiting, non-abdominal
pain, asthenia, psychological symptoms, and diarrhea. Mild symptoms and signs include:

tiredness, lassitude, constipation, slight abdominal discomfort or pain, anorexia, sleep
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disturbances, irritability, anemia, paleness, and less frequently diarrhea and nausea
(Merian, (1991)). The signs and symptoms in children are somewhat different than in
adults. For example, peripheral neuropathy is -more common in adults, while
encephalopathy is much more common in children. The most important symptoms of
pediatric lead poisoning (in descending order of frequency) are: drowsiness, irritability,
vomiting, gastrointestinal symptoms, ataxia, stupor, and fatigue. Further signs may
include behavioral changes, speech disturbances, fever and dehydration
A.2.4.2 Effects of Lead on the Peripheral Nervous System

It is a well known fact that peripheral paresis occurs in severe lead poisoning, but
such cases are extremely rare today. In recent times, attention has been directed mainly to
electrophysiologically detectable functional abnormalities that occur in the peripheral
nerves in the absence of clinical neurological signs. The most important
neurophysiological abnormalities recorded consist of slowing of the nervous motor
conduction velocity, especially that of the slower fibers, and electromyographic ab-
normalities, such as fibrillations and a diminished number of motor units in maximal
contraction. Dose-effect relationships for some conduction velocities (maximum
conduction velocity of the median and ulnar nerves, sensory conduction velocity and
conduction velocity of the slower motor fibers), especially of the arm nerves, have been

reported to occur in the PbB range of 30-70 ug/100 mL. PbB levels in excess of 50
ng/100 mL are associated with an increasing frequency of abnormal conduction

velocities among occupationally exposed workers (Merian, (1991)).
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A.2.4.3. Effects of Lead on the Central Nervous Systert (CNS)

Numerous cases have been documented in which heavy lead exposure caused
encephalopathy in children and adults. The major symptoms were dullness, restlessness,
irritability, headache, muscular tremor, hallucinations, and loss of memory and ability to
concentrate. The signs and symptoms may progress to delirium, mania, convulsions,
paralysis, and coma. Severe and potentially fatal encephalopathic conditions have been
reported to occur markedly more often in children than in adults. Prior to the
introduction of chelation therapy as a standard medical practice the mortality rate for lead
encephalopathy cases among children was approximately 65%. Following the
introduction of chelation therapy the mortality could be reduced substantially (Merian,
(1991)). Children who survive lead encephalopathy may be left with permanent
neurological sequelae such as recurrent seizures and mental retardation. It should be
noted that there is an enormous variation in individual susceptibility. Some children
suffer from irreversible brain damage or even death at PbB levels of about 100 pug/L,
whereas others appear to show no effects at levels double this.

In the past 20 years, studies have been undertaken to determine whether lower
intensities of exposure that do not give rise to overt signs of lead toxicity, can still cause
impairments of CNS functions. To study such effects different psychological per-
formance tests and symptom questionnaires have been applied. Several studies con-
sistently show some impairment in the performance of different psychological functions

and an excess of subjective central nervous symptoms among workers with

comparatively low lead exposures (PbB levels between 60 and 80 png/100 mL). Tests
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measuring visual motor functions and visual intelligence seem to be the most sensitive

indicators of such effects. Impairments of a wider area of psychological functions appear

to be detectable when the exposure range is somewhat higher.

Children as a risk group for CNS effects have received particular attention in

studies dealing with lead-induced neuropsychological deficits at PbB levels between 10

and 50 pg/100 mL. More recent studies, however, give rise to extend the range of

concern down to lower PbB levels. In a critical review of these studies by Merian, (1991).

came to the following conclusions:

1.

The effect of lead on intelligence and cognitive functioning, if it exists at all
within the range of lead burdens currently experienced by the general
population of children, is small. Most studies point to differences of up to 5 to
6 IQ points with data suggesting that lead accounts for no more than 2 or 3910
of the variance in cognitive performance. This is much less than is accounted
for by genetic and many other environmental factors. However, small is a
relative term, and a population shift of 5 IQ points up or down is not
negligible.

Recent epidemiological studies conducted in Britain, West Germany, and in
the USA consistently suggest that lead is causally related to deficits in
cognitive functioning.

There is no convincing consistent evidence for an association between
moderate levels of lead exposure and behavioral patterns in general.

The question of a possible threshold PbB level is still open and may be
difficult to answer, possibly because the notion of a clear cut-off point is
questionable.

For detailed information on the results of the most recent studies the reader is

referred to the proceedings of a workshop on lead exposure and child development which

was held at the University of Edinburgh in September 1986. Motor activity and learning

of tasks of various difficulty and complexity are behavioral dimensions that have
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received particular attention. These studies show that lead can be considered causative for
certain neurobehavioral deficits at moderate or even low exposure levels, which are not
associated with overt signs of toxicity. Some of these neurobehavioral deficits resemble
cognitive deficits in man.

Generally, learning of visual discrimination has proved to be most sensitive to the
effects of lead. In contrast, increased motor activity (hyperactivity) appears to be only
secondarily related to lead exposure, and primarily to lead-induced undemutrition during
carly stages of brain development. Many of these effects seem to be irreversible,
particularly if lead exposure occurs maternally and/or in early life.

A.3. ‘Accumulation of Heavy Metals in the Food Chain

A3.1l. Cadmium

Cadmium is a relatively mobile heavy metal that enters the food chain beginning with
soil. The concentrations of this heavy metal have been shown to be dependent on soil
type. These levels can be increased considerably through the application of phosphate
fertilizers as well as sewage sludge or compost on cultivated fields. Uptake of cadmium
by plant roots differs depending on the pH of the soil. Due to a short vegetation period,
however, only small-scale accumulation is observed in plants. Cadmium-containing dust
can also increase the concentration of cadmium in plants since resorption via the leaves is
possible in some cases. Thus, the cadmium contents of vegetable feeds vary from 0.005
to 0.1 mg/kg, and in certain cases up to 1.0 mg/kg. These levels may increase to 50
mg/kg in cases of atmospheric cadmium contamination by industry. Levels of up to 10

mg/kg have been observed after application of cadmium-containing phosphate fertilizers.
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In rice, concentrations of up to 1.0 mg/kg cadmium have been found, originating from the
water used for cultivation (Evans, 1989).

Due to facilitated resorption, leafy vegetables, with their large surface areas, and
root crops such as potatoes, carrots, and radishes, contain higher cadmium levels than
foods from other parts of the plant. Fruits such as grapes barely take up cadmium. Some
species of edible mushrooms concentrate the metal to a considerable extent in their
mycelia and surficial parts resulting in cadmium concentrations of about 0.4 mg/kg.

As a result of contaminated animal feed, cadmium is ubiquitous in animal product
foodstuffs. Since the rate of oral uptake exceeds excretion, accumulation results in some
animal tissues. Apparently, the constant presence of cadmium in foodstuffs is sufficient
to cause a slowly increasing concentration in the kidneys. Slaughtered animals more than
10 years old showed concentrations of up to 40 mg/kg, whereas young animals had only
trace amounts of about 0.5 mg/kg. Besides the kidneys (especially the renal cortex), the
other target organ is the liver, with levels of 0.08 mg/kg in young animals and from 0.3 to
1.0 mg/kg in older ones. Values of only 0.001 to 0.002 mg/kg have been measured in
meat (corresponding to those amounts found in plants), less in milk, but more in fish,
especially oysters. As with lead, cadmium concentrations are higher in wild boars than in
domestic pigs (Merian, (1991)).

An accumulation of cadmium in the meat and milk of domestic animals is
unlikely. A critical concentration in the kidneys should not occur before the age of three
years if the animal's feed contains less than 0.5 mg cadmium per kg dry matter. On the
basis of this level in feed, however, the kidneys of animals older than three years may

contain I mg/kg and more. Cadmium concentrations in swine kidney may reach the same
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values as in feed, in liver about half that. The same applies to sheep, for which a
concentration of 6 mg/kg in feed can lead to 10 mg/kg in the renal cortex. Accumulation
can be avoided if the feed concentration does not exceed 0.6 mg/kg, and drinking water
should not contain more than 0.05 mg/liter (Merian, (1991)). Kidneys used for human
consumption should not contain more than 1 mg/kg cadmium.

In living tissue, cadmium is bound to certain digestible protein fragments. In
organic forms, cadmium is biologically disposable. = Among marine organisms,
concentrations ranging from 0.02 mg/kg in fish from unpolluted waters to 2.0 mg/kg in
oysters and 12 mg/kg in crabs have been found. Levels of 10 to 100 mg/kg have been
reported in squid. Cadmium apparently accumulates in marine organisms, but
information is still controversial (Merian, (1991)). Fresh water fish and shellfish from
the Elbe estuary in Germany show cadmium levels of about 0.03 mg/kg due to their
contaminated environment. Liver of fish from polluted water may contain 10 to 50 mg
cadmium/kg, whereas normal fish liver contains about 1 mg/kg.

In humans, about one-third of the total cadmium burden originates from animal
products and two-thirds from plant products. Taken together, cadmium intake from these
sources approaches the toxicological limit of 0.525 mg per week as established by the
World Health Organization. Actual weekly uptake should be about 0.10 to 0.25 mg
cadmium, in extreme cases 0.50 mg. These amounts do not result from meat, dairy
products, kidneys or plants which are produced far away from industrially contaminated
areas, but may be found in leafy vegetables, root crops, kidney and liver, and uncultivated

mushrooms.
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A3.2. Chromium

Chromium is an essential trace element that does not accumulate in organisms.
Concentrations of 0.05 to 0.2 mg/kg have been measured in meat, and these levels do not
increase in liver (0.4 mg/kg) or kidney (0.2 mg/kg). Merian, (1991) found only about 0.1
mg/kg in bovine liver. The chromium content of animal drinking water should not exceed
1.0 mg/L.
A.33. Copper

Copper is an essential element and it accumulates in the liver resulting in
concentrations of 20 to 100 mg/kg (the mean is about 50 mg/kg). Merian, (1991) found
as much as 190 mg/kg copper in bovine liver. Kidneys normally contain about 3 mg/kg
copper, and meat from 0.3 to 5.0 mg/kg. Oysters, which are supposedly storage animals
for copper, can contain up to 137 mg/kg. Aquatic organisms accumulate copper far more
easily than mercury, lead, or cadmium. Foodstuffs normally contain 2 to 4 mg Cukg.
Levels in animal feed should not exceed 10 mg/kg. In animal drinking water, levels
should be no higher than 0.5 mg/L (Merian, (1991)).

A34. Zinc

Zinc is an essential metal that is typically absorbed by plants through the soil or
from industrial dusts. Zinc can be phytotoxic. Normal values in plants are between 1 and
40 mg/kg of dry matter. Cereals sometimes show concentrations of over 100 mg/kg.
Farm animals continuously receive zinc with their feed, and the excess is immediately
excreted. An accumulation in animal tissues does not occur. Normal levels in meat, fish,
and poultry are within 10 and 200 mg/kg with a mean of 25 mg/kg. Milk products show

levels of about 5 mg/kg, liver 100 to 150 mg/kg, and kidney 50 to 100 mg/kg. Since zinc
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does not accumulate, it is of no health significance as an industrial pollutant in foodstuffs.
Zinc contents of 200 to 500 mg/kg in animal feed, and 25 mg/L in drinking water are of
no significance. Concentrations of up to 1500 mg zinc/kg have been found in oysters
from estuarine areas (Merian, (1991)).

A4, Metals as Essential Trace Elements for Plants, Animals, and Humans

Due to their potential for accumulation and toxicity in plants, animals and
humans, heavy metals have become a primary health concern. Protection of the
environment from toxic heavy metals, such as cadmium, lead, and nickel occupies a
predominant position. As a consequence of the modern technological processes coupled
with human negligence related to sustainable development, they have spread throughout
the biosphere to an unprecedented degree. Table A-1 displays the trace elements and
their necessity in the sustenance of biological and chemical processes.

Up to now, modern research has shown that at least 24 elements are essential to
life. Reference to the Periodic Table indicates that they form three coherent blocks which
almost touch each other. The non-metals hydrogen, carbon, nitrogen, oxygen, fluorine,
silicon, phosphorus, and sulfur are the main building blocks of all organic compounds
such as proteins, carbohydrates, fats, nucleic acids, and vitamins. The metals, on the other
hand, are mainly responsible for the correct functioning of innumerable enzymatic and
metabolic reactions. Sodium, magnesium, potassium, calcium, phosphorus, and chlorine
are often called minerals or electrolytes, whereas vanadiumn, chromium, manganese, iron,
cobalt, nickel, copper, zinc, selenium, molybdenum, tin, and iodine are called trace
elements (citations are in the order of increasing atomic number).

In natural foodstuffs, the trace elements are present in very different

297



concentrations and various chemical forms, the characterization of which is a domain
only at its beginnings. Sparse data only for a few elements exist in this latter respect. The
bioavailability of an element is in fact strongly influenced by its chemical form. Apart
from this the intestinal mucosa contains unspecific and specific transport mechanisms for
the different metals. Some metals may share the same carrier. These interdependencies
demonstrate the importance of equilibrium in the overall trace element content of a
healthy food supply. There is still an unresolved problem in making available the
complete set of essential trace elements in optimal amounts at a more or less continuous
rate for all people. One of the recurring problems is the widespread use of refined
foodstuffs, such as white sugar, corn syrups of all kinds, isomerized corn syrup (HFCS),
pure glucose, fructose, and sugar, alcohols, refined (white) flours and refined fats and
oils. For instance, iron absorption changes in many ways, baked rolls may decrease it,
meat, and/or vitamin C may increase it. The interaction of ascorbic acid with the daily
intake of "absorbable" iron is even quantifiable. Fasting, fiber content of the diet, and
fruit juices (compared to aqueous solutions) have also an influence on the uptake of iron
and of other trace elements. Cardiovascular integrity of male rats is especially impaired
in case of copper deficiency, when sucrose or fructose (instead of starch) is administered.

In specific concentrations, metals are essential to all life forms. Approximately 98 % of
the body mass of humans are made up of 9 non-metallic elements. Another 1.89 % are
formed by the 4 main electrolytes, sodium, magnesium, potassium, and calcium. The 11
typical trace elements occupy just a tiny 0.012910 or 8.6 grams of the body weight. This
small fraction exerts a tremendous influence on all body functions, both adverse and

advantageous. Due to extensive environmental contamination, it is necessary to study
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their effects and essentiality.

Whether an element is essential for life or not depends on its participation in one
or several biochemical reactions. According to the recommendations of 2 WHO expert
committee, this expression is not optimal when it is applied to trace elements because of
the mentioned difficulties in establishing an absolute essentiality. According to a new,
improved definition an element is already useful to the organism and to the maintenance
of health when a measurable deficit in the diet reduces the growth and vitality of humans,
animals, or plants to a reproducible degree. If we start from this definition it becomes
plausible that even well-known toxic elements, such as arsenic, silver, cadmium, and
lead, and possibly aluminum, are needed in minute quantities for the normal functioning
of cell metabolism, although they are recognized as toxic in higher concentrations. The
most important biological functions of the known trace elements, taken from many
different literature sources, are listed in Table A-1. The recommended daily intake of
minerals and trace elements is shown in Table A-2.

In most cases, the ions of trace elements act as coordination centers for building
up or stabilizing the structure of enzymes and proteins. Exceptions are iron, which is the
central atom of heme in cytochromes and hemoglobin, cobalt in the center of vitamin B,
and iodine, which is a constituent of the hormone thyroxine. Chromium seems to be
essential for the biosynthesis of the glucose tolerance factor in man which itself seems to
be chromium-free.

About 50 zinc enzymes, and as many reactions, are known. Regarding copper
deficiency, it has also been observed that there may be correlations with mitochondrial

changes and with a reduction of pancreatic weight and protein concentration. Food and
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drinking water must contain all the essential mineral elements in adequate quantities,
otherwise the continuous losses with urine, feces, and sweat would produce severe
deficiency syndromes within a relatively short period of time. In some countries the
desirable ranges of intakes for each element are established and published in regular
intervals by semi-official national nutrition boards.

The absorption rates differ remarkably between the elements. Table A-3 shows
these rates for seven trace elements. The called "Recommended Dietary Allowances".
The best-known tables of this kind are those published in the USA. Table A-3 indicates
the values for the electrolytes and trace elements for adults. These values consider the
fact that only a certain percentage of the metal ions present in the food can be absorbed in
the intestine. Table A-4 shows the interactions between trace element adsorption.

Nutrients are taken up from water and soil by plants. The minimal quantity of
most trace elements that accumulate is a consequence of their genetically determined cell
structure and function that can vary somewhat between the species. However, trace
metals that are accidentally present in the soil for geological reasons or by human
deposition as, for example, with lead from gasoline along the highways, can accumulate
in grass and food crops. This can have serious ramifications on the agricultural sectors

and eventually the food chain.
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Table A-1 Main Functions of Trace Elements and Consequences of Their

Lactate dehydrogenase

Superoxide dismutase

Absence (Merian, (1991))
_ Element - Constituent of Causes of Total Absence
Chromlum e Needed for the . @ Diabetes Type II
: biosynthesis of the o
glucose tolerance factor
: Copper e Cytochrome Oxidase e Blockmg of all respiration
Lwwt 0 e Ceruloplasmin = laccase e Lack of copper transport
e Ascorbic Acid oxidase e ’.Dlsturbed Redox reactions
e Lysine oxidase ‘e Stop of Cartﬂage formatlon
e Tyrosinase e Albinism ©
e Superoxidase e Cell destructlon by superoxxde
Dismutase, SOD -radicals - .
e Monoamine Oxidase L 3 Lack of neurotransmmer synthesm
Iron .~ e Cytochromes . Blockmg of oxidative reactxons
CLTRL T o ,blockmg of cell respiration and
e Catalase, peroxidases . " energy production .
e Hemoglobin e Multiple lipid perox1dation _
e * Anemia, no oxygen transport
Nickel -~ - e Urease, glucose * Nitrogen fixation in soil inhibited
e e Alkaline Phosphatase o..- Energy metabolism compromised
e Alcohol dehydrogenase e . Alcohol intoxication :
e Carboanhydrase e Acidosis :
e Carboxypeptidase ¢ Protein biosynthesis blocked,

infertility

" Lactate accumulation, acidosis in

muscles
Cell destruction by superoxide
radicals
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Table A-2 Recommended Daily Intakes of Mineral Elements (Merian, (1991))

Recommended Daily Intake (mg)

Phosphorous

‘Magesium =~

Iron

Manganese

Copper
Molybdenum

‘Chromium f

1850-5500
1100-3300
800-1200
800-1200
350-400
10 (men)

18 (women)

15
2.5-5.0
2.0-3.0

0.15-0.50

0.05-0.20

0.05-0.20
0.15

Table A-3 Adsorption Rates of Minerals and Trace Elements (Merian, (1991))

Element Adsorption Rate (%) (Ingestion) |
Sodium 90-95
Potassium s 90-95 l
Molybdenum 70-80
Selenium 50-80 5
Phosphate 60-70
Calcium 25-40
Zine A 20-40 i
‘Magnesium | 30-35 f
Iron 7-15
Magnesium - . 3-5 '
Chromium (HI) 0.5-1.0 3
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Table A-4 Interactions in Trace Element Absorption (Merian, (1 991))

Produces a Deficit in...

Manganese -

Molybedenum

Selenium, Zinc
Zinc
Copper, Zinc
Magnesium
Copper

Copper, Iron
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APPENDIX B:

Photographs Comprising All Experiments
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S

Figure B-1 F5CI and F5C2 during experimentation (Experiment F5)

Figure B-2 F5C1 and F5C2 after experimentation (Experiment F5)
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Figure B-4 F6C1 and F6C2 after experimentation (Experiment F6)
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Figure B-5 F6C3 and F6C4 during experimentation (Experiment F6)

Figure B-6 F6C3 and F6C4 after experimentation (Experiment F6)
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Figure B-8 F6CS5 and F6C6 after termination (Experiment F6)
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Figure B-10 TES multimeter for current and potential measurements
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APPENDIX C:

EDTA-EK-IET Experiment (F6): Summary
of Cells
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Table C-1 Experiment F6: Cell Summary

Liquid Notes
1ge  Mixed j
. Textile - = with Cell {
__(AET)? S S
Water 'Non- To test behaviour of
contaminated AET in soil :
Blank/Control for |
AET §
Water n-" To test behaviour of |
‘contaminated  CET in soil j
Blank/control for ‘
CET :
0.1M To test CET in
EDTA . contaminant removal ;
- Applicability of CET %
and EDTA in soil for |
localization and
removal of Pband !
0.IM  Contaminated = AET behaviour with
EDTA - . EDTAin the
o 3.0cm removal of Pband
- from edge Ni
of anode !
Testing of hybrid !
technique (EK,
Anion exchange and
: ' - = complexation) :
~Cell§ 0.1M Contaminated Blank/control for ‘
 (F6C5) .. ... EDTA . EDTA
" Cell6. Y Y 01M Contaminated Behaviourofboth
(F6C6) .o~ . EDTA L textiles and ‘
. 3.0cm 3.0cm. e condoning liquid in
S i+ from edge fromedge ’ removal of Pband
of anode of cathode o Ni
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APPENDIX D:

Miscellaneous Data from Experiment F5
and Experiment F6

312



Initial and Final Resistance vs. Distance from Cathode

Cell 1
P 1200
©E 1000 { I
© 8§ sood i@ Cathode to AET (0 hours)
‘ E’ ;lAETIaAnodc {0 hours)
;g 600 ;ACathode to AET (548 hours) .
f § 400 'XAET 1o Anode (48 hows) |
;& 200
o ) .
] 2 4 6 8 10 12 14 18
Distance from the cathode (cm)
)= [171x*® 0<x<128 R?*=0.9511
177x*4" 12,8 <x<16.0 R*= 0.9923
t=0 h
(x)= | 360°*® 0<x<128 R?=0.9951
645x*"7 12.8 <x <16.0 R?= 0.9985
t=546 h
Initial and Final Resist: vs, Dist: from Cathode
Cell 2

CET

= e .
g el ‘@ Cathods 1o CET (0 hours)
:3:- — —a :25.:::.‘ :’:;:o(:::':)um) ‘
E - W MR CETw Anosa (S48 hous) _
H - —
! [+] 2 4 -3 8 10 12 14 18
: Distance from the cathode {cm)
r(x) = 170 0<x<3.0 R*=0.9959
190x"* 3.0 <x<16.0 R?=0.9937
t=0h
1(x) = 356x°* 0<x<128 R?*=0.9735
407" 128 <x<16 R?=0.9971
t=546 h
, Initial and Final Resistance vs. Distance from Calhodev o
: Cell 5
v 1200 . )
] 3 ]
i g 1000 o
3 PP it :
S oo e | Wuinods i Anode (0 hoursy
c ] — & x @ Cathode to Anode (548 hours) ;
5 400 - L 4 x. X%, e e e TR
2 I e xx XX 1
g 200 fgx-% X — :
o )
] 2 4 -3 8 10 12 14 16
Distance from the cathode (cm)
r(x) = 158x°*® 0<x<16.0 R®=0.9212 t=0h |
rx)=  376x** 0<x<16.0 R?=0.9950 t=546 h

r = resistance (Ohms)

x = distance from cathode (cm)

Figure D-1 Comparison of resistance distributions with and without the use of IET: Exp. F6
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Soil Metal Concentration vs. Spatial Distribution: Pb, Ni

: < 100
. & W .
i © 80 +——| - ' , *
: € 70 — . F - F5 Cell 1 — *
: § S 60 4——f — —— . ¢ Alead
- gE s =
: ® 30 F——r i— ———— A
| F 10 | T | 2
! n 0 A oo P
1 3 T o - v -
| 0 2 4 6 8 10 12 14 16 18 20 22 24
1-D Spatial Distance (cm)
x Soil Metal Concentration vs. Spatial Distribution: Pb, Ni
i Cathode
100 — - — —
! E 80 ‘ —_ |
£ F6Cells | . .. .4 ¢ | B
fé g 60 — 5 - . : ‘.; . A Lead
1 = £ 40— | - — —= NGRS
. B [ £ S aad
3 = 20— — ———A——
© S 4N I A A2 AAAAAA o ¢ 4
® o} - ‘_‘_‘_’ toe®
0 2 4 6 8§ 10 12 14 16 18 20 22 24
1-D Spatial Distance (cm)

Figure D-2 Comparison of lead and nickel soil distribution between experiment F5 and F6

Initial Ni Concentration: 31 mg/kg
Initial Pb Concentration: 9.3 mg/kg
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