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Words to live by:

“Use what talent you possess: the woods would be very silent if no birds sang except
those that sang best.”

-Henry Van Dyke -
American short-story writer, poet and essayist

"The worst part is not in making a mistake but in trying to justify it, instead of using it
as a heaven-sent warning of our mindlessness or our ignorance."

- Santiago Ramoén y Cajal -
Spanish Histologist and Nobel Prize in Medicine, 1906

“We abuse land because we regard it as a commodity belonging to us. When we see
land as a community to which we belong, we may begin to use it with love and
respect.

- Aldo Leopold -
Scientist, conservationist, writer and father of wildlife ecology

“To waste and destroy our natural resources, to skin and exhaust the land instead of
using it so as to increase its usefulness, will result in undermining in the days of our
children the very prosperity which we ought by right to hand down to them.”

- Theodore Roosevelt -
Twenty-sixth president of the United States, 1901-1909

“Never, never, never give up.”

- Winston Churchill
Author, soldier, journalist, politician and Nobel Prize winner, 1953
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ABSTRACT

Industrial processes, such as base metal smelting and refining, often result in
the widespread distribution of heavy metals and acid forming compounds into the
surrounding environment. The impact of this deposition on the neighboring
ecosystems can be devastating, leading, in some cases, to perturbation or loss of
ecological viability, which depends primarily on the amount, concentration and type of
metal species. In order to restore the productivity of these lands, remediation practices
aimed at reducing soil metal concentrations or minimizing their mobility and
bioavailability are necessary. The cost associated with conventional (i.e. excavation
and disposal) remediation methods can be prohibitively expensive (> $3 million ha™),
and therefore, alternative methods must be examined.

In this research, a variety of macroscopic, microscopic and cutting-edge
spectroscopic tools were used to investigate the influence of in-situ chemical treatment
(i.e., liming) and soil type (Welland Loam vs. Quarry Muck) on the speciation of
nickel (Ni) in soils surrounding an historic Ni refinery in Port Colborne, Ontario
Canada. In addition, Ni speciation and compartmentalization were determined in the
Kotodesh cultivar of the Ni hyperaccumulator Alyssum murale (Waldst. & Kit.) to
ascertain the biochemical mechanism used by A. murale to remove Ni and explore its

potential as an alternative remediation method from these soils. In doing so, the
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development and implementation of novel synchrotron-based microtomographic
methods were shown to be very effective at determining the location and
concentration of metals within and throughout unaltered 4. murale tissues.

Chemical treatment and soil type had a pronounced influence on the type of
metal species formed in the refinery-enriched soils. Monitoring the dissolution of Ni
from potential soil Ni species by pH 4 HNOs3 using a stirred-flow technique, showed
that 100% and 79% of NiO and NiS compared to 62% and 57% of the Ni AI-LDH and
a-Ni(OH); remained after the 8-hr experiment. Making the soils calcareous with the
addition of 33-88 Mt ha dolomitic limestone was effective at reducing Ni mobility.
In both the unlimed muck and mineral soils, roughly 2% of the total Ni was released
throughout the duration of the 8 hour experiment compared to 0.1% for the treated
soils.

Conventional sequential extraction methods were ineffective at accurately
determining the Ni speciation in both muck and loam untreated field soils as well as a
highly enriched forested muck soil. Examining the solids remaining after each
sequential extraction step using synchrotron based X-ray absorption fine structure
spectroscopy (XAFS) revealed that NiO persisted through each extraction step,
compromising the identification of other Ni species. Scanning electron microscopy
(SEM) confirmed the presence of NiO particles in all of the extracted residuals from
the muck soils, but not the loam. Efficient removal of Ni from the muck soil may
have been compromised by the high organic content of the soils, or the high initial Ni

loading compared to the loam soil (~5000 mg kg™ vs. 22,000 mg kg™). Sequential
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extraction was able to show that a significant amount (>90%) of the Ni in both the
soils can be considered immobile. However, in the highly enriched forest soil there is
a much larger mobile fraction (~15%) likely due to its lower CEC and pH and high Ni
loading.

Direct determination of the soil Ni speciation using synchrotron based micro
X-ray fluorescence ([-SXRF) and micro X-ray absorption fine structure (U-XAFS)
spectroscopic analyses showed for the first time that Ni Al-LDH phases form in
anthropogenically enriched field soils. The Ni Al-LDH species formed in both the
treated and untreated mineral soils, with a tendency towards more stable (e g. aged-
LDH and phyllosilicate) Ni species in the treated soil; their formation likely aided by
the solubilization of Si with increasing pH. In the muck soils, Ni-organic complexes
(namely fulvic acid) dominated the speciation in both treated and untreated soils, with
stronger complexes forming under the excess lime (i.e. higher pH) treatments.

A multi-technique investigation of the speciation and compartmentalization of
Ni in the Ni hyperaccumulator 4. murale grown in both the untreated Welland and
Quarry muck Ni enriched soils showed that 58% of the Ni in A. murale leaf tissues is
complexed by strong ligands (predominantly malate) with the remaining 38% either
weakly complexed with non-specific ligands or present as free hydrated Ni (Ni(aq)).
Histidine was identified in the leaf veins using P-XAFS and in sap extracts using
attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy.
Manganese was also found in the basal compartments of the leaf trichomes in the +2

oxidation state (possibly as MnO) and chemically segregated from Ni.
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Finally, synchrotron based fluorescence and absorption edge computed
microtomographies (CMT) was shown to be well suited for determining the
compartmentalization and concentration of metals in hyperaccumulating plant tissues.
Fluorescence CMT of in-tact leaf, stem and root samples revealed that Ni concentrated
in stem and leaf dermal tissues and, together with Mn, in distinct concentrations
associated with the Ca rich trichomes on the 4. murale leaf surface. Metal
enrichment was also observed within the vascular system of the finer roots, stem and
leaves, but absent from the coarser root, which had a well correlated metal coating.
Absorption edge CMT showed the three-dimensional distribution of the highest metal
concentrations and verified that epidermal localization and Ni and Mn co-localization
at the trichome base are phenomena that occurred throughout the entire leaf and may
contribute significantly to metal detoxification and storage. Ni was also observed in
the leaf tips, possibly resulting from release of excess Ni with guttation fluids.

In summary, this research shows the necessity of using multi-scale, multi-
technique approaches for deciphering metal speciation in heterogeneous samples. In
particular, the use of micro synchrotron based techniques (i.e., I-SXRF and p-XAFS)
were instrumental in demonstrating for the first time, that secondary precipitates of Ni
(i.e. Ni Al LDH) can form in field soils, enhanced by limestone additions, which have
a pronounced influence on metal mobility and bioavailability. In addition, we
determined the Ni speciation in 4. murale tissues and demonstrate a novel

tomographic technique for determining Ni compartmentalization in the tissues of
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metal hyperaccumulating plants which enhance our understanding of metal

hyperaccumulation.
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Chapter 1

THE PLANT/SOIL/METAL INTERFACE

1.1 Introduction

Enrichment of soils with geogenically or anthropogenically deposited heavy
metals can have a pronounced influence on the health and viability of natural,
agricultural and urban ecosystems. Naturally occurring serpentine or ultramafic soils
containing high concentrations of Co, Cr and Ni can be found on every continent, with
the largest distribution in Canada. Anthropogenic inputs of heavy metals, on the other
hand, particularly since the industrial revolution, have resulted in the widespread
enrichment of soils primarily around population centers. Examples include mercury
(Hg) deposition from burning of coal, or possibly the most pronounced example being
lead (Pb), resulting from its use as an “anti-knock” fuel additive in gasoline.
Applications of soil amendments, biosolids in particular, and the use of plant
protection chemicals in agricultural fields (e.g. PbsOH(AsOs)3), together with the by-
products of industrial mining and metal processing, have also been important sources

of pollutants such as Co, Cr, Cu and Ni.
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In order to develop remediation strategies that are not only effective at
stabilizing or removing the contaminants, but also economically feasible, it is
necessary to assess the fate of the enriched metal. In some cases, the area of metal
enrichment is well defined and requires only containment or removal of the
contaminated soil. However, when enrichment results from aerial deposition, as a
byproduct of metal refineries or smelters for example, the affected area can be on the
order of tens to hundreds of square kilometers. Such widespread enrichment makes
conventional remediation strategies (i.e. excavation and disposal) impossible and
necessitates an alternative. The alternatives can range from in-situ stabilization
through the addition of amendments such as lime or organic matter to targeted
degradation with metal specific plants (Geebelen et al, 2002; Vangronsveld et al,
2000; Mench et al, 2003). Scientists, when looking at the effectiveness of these
remediation alternatives, have often only focused on the metal-soil or metal-plant
interactions alone, neglecting the influence that soil metal speciation has on the
mechanisms of metal uptake, or conversely, on the effect that plants have on the soil
metal speciation. In order to more effectively predict the fate of metals in the
environment it is necessary to not only look at isolated components of the
soil/metal/plant model, but to examine the interaction of each of these components.
To accomplish this, a multidisciplinary, multitechnique approach to identifying and
characterizing the components of soil/metal/plant interactions is needed.

This chapter is a compilation of research findings covering the basic concepts

of metal sequestration, transformation and mobility in soils, and how activities at the

25



soil/water/root interface (i.e. rhizopshere) influence these processes. A brief review of
the techniques available for exploring these reactions are discussed primarily the use
of cutting-edge synchrotron based techniques. Finally, the chapter summarizes the
reasons and justification for this research concerning the enrichment of soils around a

Ni refinery in Port Colborne, Ontario Canada.

1.2 Metal Sequestration in Soils

The soil environment is an intricate mixture of organic, inorganic and
biological materials, each intimately interacting with the other, resulting in a highly
dynamic and complex system. Adding to their complexity, soils are open to the
environment and thus influenced and formed by the flux of materials and energy from
atmospheric, biological, geological and hydrological compartments. It is the flux of
materials and energy among each of these compartments that governs the reactivity,
mobility and bioavailability of plant nutrients as well as contaminants in soils and
which lends credence to this treatise on heavy metal reactivity in the soil environment.

The processes having the most influence on metal reactivity in the soil
environment are those that occur between the soil solution and the various inorganic,
organic and biological components. The soil solution is mostly water which is
discontinuous, containing solutes (metal ions, plant nutrients etc.) that, because of
different pore space distributions and locations, can vary in concentration (Brady and

Weil 2002). The soil solution is the medium from which plants and other organisms
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obtain life sustaining ions, and thus the reactions controlling the ion content of the soil
solution will have a large impact on the fertility and arability of the land.

There are several physical and chemical processes occurring at the soil-
solution interface that govern how much of a metal is retained on a soil constituent
surface and present in solution. Included in these are the pH and ionic strength of the
soil solution, the type and amount of clay minerals, type and amount of metal, the

reaction time and the organic matter content.

1.2.1 pH - The Master Variable

The parameter with the most influence on soil solution ion content is pH. The
pH of a soil is determined by measuring the concentration of H' ions in solution
(active acidity) with an excess of H' compared to OH™ ions resulting in a lower pH
and the reverse a higher pH (as described by the relationship: pH = -log[H']). The
chemical reactions controlling the H™ concentration and thus the soil solution pH
include mineral weathering reactions, carbonic acid dissociation and acid-base
reactions of soil humus and aluminum hydroxy polymers/monomers (Sposito 1989).
Paramount among these, are the reactions involving Al. In the early 20" century great
debates revolved around whether it was H or Al that had the greatest control on soil
acidity. It was later verified by N.T. Coleman and C.I. Rich that indeed, both
exchangeable and non-exchangeable forms of Al have the greatest influence on soil
solution pH (Sparks 2001). The influence of Al over the soil solution pH is due to its

ability to hydrolyze in dilute solutions with low OH/Al ratios (Sparks 2003).
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Hydrolysis of Al forming monomeric species produces H' ions which then act to
reduce the soil solution pH, the magnitude of which depends on the amount of Al in
solution. However, soil solution pH measurements only account for the amount of H"
ions resulting from aluminum hydrolysis or dissociation from exchange sites. A soil
also has ‘reserve acidity’, which refers to the number of exchange sites within the soil
occupied by A’ cations which contribute to the soil solution H' ion concentration

As soil pH relates to metal bioavailability, it generally stands that as the pH of
a system is decreased more metals (e.g. Mn, Fe and Al) are released to the soil
solution because of proton competition for exchange sites of clay minerals or organic
matter, or through proton promoted dissolution of soil minerals. The release of metals
can be detrimental to plant and microorganism viability. Conversely, as the pH
increases, the soil retains more base saturating cations (i.e., non-hydrolyzing
exchangeable bases such as Mg, Ca, and K) which may lead to nutrient deficiency.
Increase in pH can also induce metal complexation or precipitation (section 1.2.3)
which can also account for nutrient or metal sequestration.

Climate can have a pronounced influence on soil pH. For example, soils of the
humid tropics (e g. Oxisols) are highly weathered because of the higher temperatures
and amount of rainfall and thus are leached of their base saturating cations (e.g. Ca,
Mg, Na) resulting in a typical pH range of 5-7. The reverse is true for soil in arid

regions which retain their base-saturating cation and thus have a pH ranging from 7-9.
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1.2.2 Surface Charge and Metal Adsorption

Adsorption refers to the attachment or accumulation of a material at the
solution — surface interface (Sparks 2003). Adsorption does not include three
dimensional growth of precipitates (even if they occur at a surface), diffusion, or
polymerization; the former two phenomena of which will be discussed later in this
chapter. The substance in solution that has the potential to be adsorbed is called the
adsorptive. The solid surface which it may attach to is termed the adsorbent. Once
the substance is adsorbed it is referred to as the adsorbate and collectively as an
adsorption complex. 1f the mechanism of substance attachment is unknown (i.e.
either adsorption, precipitation or polymerization) then the process is generically
referred to as sorption, in which case sorptive, sorbent and sorbate refer to the
substance in solution, the solid surface and the substance on the solid surface,
respectively.

Soil constituents can have both positive and negative charge, with the latter
being the most prevalent under normal environmental conditions. Soil constituents
gain their negative charge from either isomorphic substitution of a cation of lower
charge for a cation of higher charge (e.g. Mg”" for AI*") in the tetrahedral or
octahedral layer of 2:1 silicate clays (e.g. smectite) or through broken bonds on the
edges of 1:1 clays (e.g. kaolinite), metal oxides (e.g. goethite) or organic colloids. The
charge arising from isomorphic substitution is considered permanent or constant and
not affected by pH. The charge on 1:1 clays or metal oxides however, is highly pH

dependent and results largely from the protination and deprotination of -OH groups at
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the broken edge. The negatively charged sites are called surface functional groups.
Surface functional groups are charged molecular units that protrude from a surface of
organic and inorganic substrates into the surrounding soil solution (Sposito 1989).
Adsorption of metals at a surface occurs through both physical and chemical
interactions with surface functional groups. In general adsorption can be
characterized as non-specific (outer-sphere and diffuse ion interactions) or specific
(inner-sphere, chemisorption).

Adsorption of metals by outer-sphere complexation or through association with
the diffuse-ion swarm adjacent to the particle surface are considered non-specific
because they rely mostly on electrostatic interactions with the surface and depend on
the electronic configuration of the surface functional group or the solvated metal
(Sposito, 1989). Outer-sphere complexation describes a situation where a water
molecule is located between the metal cation and the surface functional group. A
metal adsorbed in the diffuse-ion swarm is not associated with a specific surface
functional group, but instead, the solvated metal is free to “float” about the surface,
satisfying charge in a delocalized manner. Each of these adsorption mechanisms are
typically considered “weak” and influenced by ionic strength and in some cases pH.
Therefore, the metal is retained in a form that is exchangeable with other cations and
thus subject to removal by plants and microbes or by leaching. The exchange of one
cation for another is called “cation exchange”. The amount of exchange sites present
in a soil can be loosely defined as the Cation Exchange Capacity (CEC) and, as the

term implies, is a measure of the capacity of a soil to retain cations. The components
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contributing to CEC, as mentioned earlier, are organic matter, clay minerals and
oxides of Al, Fe and Mn.

Contrary to outer-sphere complexes, inner-sphere complexes involve direct
interaction of the metal cation with the surface functional group through ionic or
covalent bonding. Consequently, specific adsorption depends on the electronic
configuration of both the metal and the surface functional group. Inner-sphere
complexes are monodentate or bidentate if bound to one or two surface functional
groups, respectively. Bidendate complexes can be either mononuclear or binuclear
depending on the coordination of the surface functional group within the adsorbent.
Metals forming inner-sphere complexes are considered non-exchangeable and thus are
less available for uptake by plants and microbes and less susceptible to leaching than
metals adsorb via outer-sphere complexation. Additionally, inner-sphere
complexation is typically independent of ionic strength and as the pH is raised the
metals become increasingly non-exchangeable (McBride, 1994).

The sorption of metals, regardless of the mechanism, plays a vital role in
determining their availability and mobility in soils. In the following sections, the
evolution of surface charge on both organic and inorganic soil constituents will be
discussed further, along with how these constituents and their charge influences metal

retention and mobility.
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1.2.2.1 Soil Organic Matter - Metal interactions

Soil organic matter (SOM) has a marked influence on a soil’s ability to retain
metals. Soil organic matter or humus includes the total organic content of soils (with
the exception of unaltered, identifiable plant material and biomass) and is composed of
plant, microbial and animal residues and exudates at various stages of decomposition
(Sparks 2003). The structure of SOM, unlike soil minerals, is not uniform making the
study of its chemical properties difficult. As such, SOM is typically fractionated into
three components -fulvic, humic acid, and humin-, based on differences in their
solubility in acid or alkali solutions. Fulvic acid is soluble in both acid and alkali
solutions, humic acid is only soluble in an alkali solution while humin is soluble in
neither. Fulvic acid differs from humic acid because it has a slightly higher O/C ratio,
total acidity, and carboxylic functional group and sulfur contents. Humin is similar to
humic acid, but has higher polysaccharide content and is less aromatic (Sparks 2003).
As described by Sposito (1989) humic and fulvic acids exhibit four characteristics that
strongly influence their chemical reactivity in soils: polyfunctionality, macromolecular
charge, hydrophilicity and structural lability. With respect to polyfunctionality, the
surface functional groups that exhibit the most influence on metal retention are the
carboxyl (COOH) and phenolic OH (aromatic ring-OH) groups. The charge of the
surface functional group is dependent on the pH of the soil solution and thus the
charge on organic matter is considered variable or pH dependent. The complexation
of metals with organic matter has traditionally been studied by determining

conditional metal stability constants and complexation capacities (Xia et al., 1997).
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Metal stability constants provide a measure of a metal’s affinity for a ligand and a
relative assessment of a metal’s availability and mobility (Sparks 2003). However,
these values tell little about the coordination environment of the metal —ligand
complex and thus provide only limited information on the type of adsorption complex
that is forming. Techniques such as nuclear magnetic resonance (NMR), Fourier
transform infrared (FTIR) and electron paramagnetic resonance (EPR) spectroscopies
provide more direct information about the metal-ligand chemical environment.
However, interpretation of the results from these techniques can be complicated, with
some techniques requiring well defined systems (not necessarily easy when dealing
with SOM), and in the case of EPR, a metal which is paramagnetic (a limitation when
trying to study Ni or Zn).

Xia et al. 1997) were the first to use extended x-ray absorption fine structure
(XAFS) and x-ray absorption near edge structure spectroscopy (XANES) to study the
coordination chemistry of the first row transition metals complexed with soil and
aquatic humic substances. They found that Ni and Co formed an inner-sphere
complex, coordinated with six oxygen atoms (i.e. octahedral coordination) in the first
shell and two carbon atoms in the second shell with average bond distances of 2.09
and 2.94 A, respectively. Strathmann and Myneni 2004) using both XAFS and
attenuated total reflectance (ATR) FTIR, investigated the coordination of Ni(Il) with
structurally similar carboxylic acids and soil fulvic acid. They found that the strength
of the Ni-carboxylate complex that formed depended on the structure of the carboxylic

acid (mono or polycarboxylates), with Ni forming weak complexes with the

33



monocarboxylates and stronger, chelates, with the polycarboxylates. They concluded
that the Ni(II) complexes with soil fulvic acid were inner sphere and complexation
occurred with one or more carboxylate groups. In general, the maximum amount of
metal that can be complexed by soil organic matter is roughly equal to the number of
carboxylic functional groups (Stevenson 1994).

Further advances in analytical techniques will shed more light on the
interaction of metals with soil organic matter. One such technique that shows promise
is soft x-ray microscopy combined with carbon near edge x-ray absorption fine
structure spectroscopy (NEXAFS) (Nachtegaal et al. 2003). Ultilizing this technique,
functional groups can be “imaged” and shifts in spectral intensity and position can be
used to predict the coordination environment of the metal as well as its affinity for

SOM functional groups.

1.2.2.2 Soil Mineral-Metal Interactions

The primary surface functional groups on inorganic soil components which can
interact with metals are: the plane of oxygen atoms at the surface of 2:1 clays and
edge/surface hydroxyls (Sparks, 2002). Isomorphic substitution occurs in both
primary and secondary clay minerals; however, only in the 2:1 layer silicates does it
have a marked impact on the surface charge (Sposito, 1989). Isomorphic substitution
occurs during mineral formation when an ion of similar radius is substituted for either
Si*" in the tetrahedral sheet (with AI’* or Fe*") or for AI’™ in the octahedral sheet (with

Fe’*, Mg*", Zn*", Fe*") of 2:1 layer silicates. The deficit in charge arising from
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isomorphic substitution manifests itself through the hexagonal cavities in the plane of
oxygen atoms associated with the silica tetrahedra (a.k.a. the siloxane surface). These
siloxane cavities are constructed from six corner-sharing silica tetrahedra with a
diameter of approximately 0.26nm (Sposito, 1989). The charge at this cavity, and
accordingly, the strength of the complex that can be formed is dictated by whether
isomorphic substitution has occurred in the underlying octahedral or tetrahedral layer
as well as the proximity of the substitution to the cavity. As a rule of thumb, the
most reactive siloxane cavity will result from substitution within the tetrahedral layer
followed by octahedral substitution. Charge of this variety is considered permanent
and not affected by soil solution pH.

Surface and edge hydroxyl groups, as the name implies, occur on the basal
plane as well as at the broken edges of primary and secondary clay minerals,
amorphous materials (i.e. repeating crystalline structure with diameter <3nm) and
metal (Fe, Al, Mn) oxides, hydroxides and oxyhydroxides. The reactivity of surface
hydroxyl groups depends on how they are coordinated with the metal in the underlying
matrix. On metal oxides, such as goethite (0-FeOOH), there are four surface
functional groups. A, B and C-type surface functional groups are composed of
hydroxyls that are bound to 1, 3 and 2 Fe(III) ions, respectively. Only the A-type site
is reactive and is both a proton acceptor and proton donor (amphoteric) and thus
reactive over a wide range of pHs. The fourth type of surface functional group is the
Lewis acid site. In the case of Geothite, the Lewis acid site occurs where water is

chemisorbed to an Fe(III) ion (the Lewis acid). In clay minerals such as kaolinite
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there are Lewis acid sites in which a water molecule is chemisorbed to AI(III) at the
broken mineral edge. The chemisorbed water at both of these sites is positively
charged and thus very reactive, rapidly undergoing ligand exchange (i.e. anion for —
OH,") with anions, forming tightly bound inner-sphere complexes. The surface,
through dissociated chemisorption, can also become hydroxylated and thus reactive
towards metal cations in solution. In addition, there are singly coordinated OH groups
associated with Al (aluminol; >Al-—OH) and Si (silanol; >Si—OH) at broken mineral
edges. The silanol group consists of a hydroxylated oxygen bound to silica at the
broken edge of the tetrahedral sheet. Similarly, the aluminol group is a hydroxylated
oxygen bound to aluminum at the broken edge of the octahedral sheet. In terms of
reactivity, the aluminol groups chemisorb metals better than the silanol groups based
on the difference in the metal valence (Si(IV) vs. Al(III)) to coordination number ratio
(McBride, 1994). The reactivity of all of these groups is strongly dependent on the pH
and as such they are considered variably charged.

To evaluate the type of adsorption mechanism that is occurring, adsorption
isotherms and models are traditionally used. The caveat of these experiments is that
they cannot definitively determine the adsorption mechanism, but only provide an
initial assessment to later be proven by more direct methods such as x-ray

spectroscopy.
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1.2.3 Precipitation

Precipitation generally refers to the formation of an insoluble solid from the
reaction of ionic compounds in solution (Ebbing 1993). In bulk solution, the
thermodynamic probability of precipitation can be determined by the saturation index
(SI) which relates the ion activity product (IAP) and the solubility product constant
(Ksp) as described by the following equation: SI= log (IAP/Ksp). The IAP is the
measured activity (i.e. reactivity per unit vol.) of ions in solution that comprise a solid
phased at any given time, and the Ksp is the calculated solubility constants for the
reactants and products at equilibrium (assuming a pure solid and infinitely dilute
solution). The distinction between the IAP and the Ksp is subtle, and the expressions
look virtually identical. The important difference is that the IAP is an actual measure
of the ion activity in solution, while the Ksp is based on equilibrium values; a
condition rarely reached in soils. Regardless, the SI can be used to evaluate if a
system is oversaturated with respect to the mineral solid phase (i.e. IAP > Ksp, or SI
>1) in which case precipitation is expected to occur, undersaturated with respect to the
solid phase (i.e. IAP <Ksp or SI < 1) in which case dissolution is expected to occur, or
in equilibrium with respect to the solid phase in which case the system remains as is.
The SI is useful for predicting if precipitation is likely to occur in bulk solution;
however, it doesn’t indicated if, or when it will form, nor does it take into account the
presence of a solid phase (such as a mineral surface). The presence of a charged
mineral surface can lower the energy barrier (activation energy) necessary for

precipitation to occur and thus may induce precipitate formation even when the SI
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indicates the system is undersaturated. Surface induced precipitation can be further
favored when the structure of the mineral surface is similar to that of the forming
precipitate (i.e. steric compatibility).

Many studies in the past 10yrs have focused on defining the conditions
favorable for transition metal (Cr, Ni, Co, Cu, and Zn) surface precipitate formation in
lab conditions utilizing pure materials, fixed metal concentrations and a range of pH
values (Fendorf et al. 1994; Scheidegger et al. 1997; O'Day et al. 1994; Scheidegger et
al. 1997a; Towle et al. 1997; Xia et al. 1997; Cheah et al. 1998; Schlegel et al. 2001,
Ford and Sparks 2000; Trainor et al. 2000). Characterization of the surface precipitate
reveals that depending on the reaction conditions, a metal hydroxide, hydrotalcite like
mixed metal layer double hydroxide (LDH) or a phyllosilicate is formed (Thompson et
al. 1999; Manceau et al. 1999; Ford et al. 1999; Scheinost et al. 1999). Research from
the Environmental Soil Chemistry Group of Dr. Donald Sparks on Ni and Zn has
shown that with surface precipitate formation, the metal complex becomes more stable
and resistant to weathering, which is indicated by a reduction in dissolvable metals
(Scheckel et al. 2000; Scheckel and Sparks 2001). The increased stability has been
attributed to either transition of the mixed layer double hydroxide to a more stable
neo-formed phyllosilicate phase via interlayer silication (on aluminum bearing clays
such as pyrophyllite) or to Ostwald ripening (on non-aluminum bearing minerals such
as talc) (Ford et al. 1999; Morse and Casey 1998). A recent study by Peltier et al.

(2005), found that the identity of the interlayer anion can also have an influence on the
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stability of the LDH phase formed. They compared their results for SO;~ and NO; -
interlayered LDH to that of a CO;" -interlayerd LDH (Allada et al. 2002; Allada et al.
2005) and found that it was more stable than SO; followed by NO; . Substitution of

Si for CO;™ in the interlayer resulted in an even more stable phase, confirming the

earlier findings of Ford et al (1999). They also noted that the Ni-LDH phases are
thermodynamically favored over Ni(OH), precipitates when aluminum bearing clays
are present, especially at pH values = 6.5, and serve as precursors to the formation of
more stable Ni-phyllosilicate phases.

With confirmation of surface metal precipitate formation for a number of the
transition metals, the research has moved toward how other components such as
organic coatings, biofilms and type of clay or oxide, influence their formation
(Scheidegger et al. 1997; Scheckel and Sparks 2000; Nachtegaal and Sparks 2003,
Yamaguchi et al. 2001; Roberts et al. 1999; Elzinga and Sparks 1999). From these
studies it is clear that regardless of the conditions, surface precipitates seem to form at
concentrations well below monolayer coverage and at pHs undersaturated according to
the available thermodynamic stability constants for the metal hydroxide.

There is clearly a need to move outside of the pure laboratory systems and
begin to assess whether surface metal precipitates form in natural systems and what
impact they have on metal mobility and bioavailability. There is growing evidence of
Zn Al-LDH formation in anthropogenically enriched field soils facilitated, in large

part, by the use of synchrotron based micro-spectroscopy. Roberts et al. 2002) for

39



example using U-EXAFS and p-SXRF among other techniques, were able to
quantitatively speciate Zn in a heavily impacted smelter soil Similarly, Nachtegaal et
al. (2005) recently showed that the majority of Zn in soils surrounding a Zn smelting
facility in Belgium was comprised of Zn-LDH or phyllosilicate precursor phases.
Interestingly, they noted that, unlike in the laboratory model systems, the Zn AlI-LDH
phases formed in soils appear to be less stable with decreasing pH

To date, there is still little evidence that Ni AI-LDH species form in natural soil
systems. Roberts et. al. (1999) using bulk XAFS looked at a pH 7.5 whole soil spiked
with 3mM nickel (as NiNO3) and found what appeared to be the presence of a nickel
LDH precipitate after 24hrs of reaction. These findings lend credence to the
possibility of surface precipitate formation within field soils containing a multitude of
competitive sorbents. However, there are still no studies reporting on the presence of

Ni Al-LDH phases in anthropogenically enriched field soils.

1.2.4 Diffusion

Soil minerals and organic matter are composed of both macropores (>2nm)
and micropores (<2nm) into which metals can become entrained, especially during the
long contact times experienced in natural systems (Sparks et al., 1999). Entrapment
of metal ions in mineral pores can occur via diffusion; which is a broad term
describing the physical process involved in the removal of ions from the solution
surrounding a mineral. Driving diffusion is a continuum of processes. Within the

soil solution, ions are adsorbed from the thin film closest to the soil particle creating a
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gradient in ion concentrations from the bulk solution (high) to the soil particle surface
(low). The gradient creates a motive force for the movement of ions toward the
particle. As the metal ion moves toward the particle, it has to traverse the thin, ion
depleted film (film diffusion) at the particle surface, before (if not being adsorbed)
entering and moving about or along the individual particle pores (intra-particle
diffusion), moving in pores between particles or moving within the particle matrix
(inter-particle diffusion). Affecting this rate are the type of metal, the porosity of the
mineral, and the availability of surface functional groups.

Diffusionary processes can have a pronounced effect on how fast a metal ion is
removed from the soil solution or released from the particle; congruently influencing
the metal’s mobility and bioavailability. For example, Axe and Trivedi (2002)
determined that 50, 40 and 90% of Sr, Cd and Zn sorption in HAO, HFO and HMO
coatings resulted from diffusion into the microporous structure; noting that the
diffusion is related to the species and sorbent characteristics. Metal coatings are
ubiquitous in soil and aquatic systems. They are typically very porous, with high
surface areas and high affinities for metal cations and thus are an effective sponge for
metal cations. Strawn et al. (1998) found that Pb sorption and desorption at the
aluminum oxide — water interface was biphasic with 75% of the Pb being removed
from solution within 15 min followed by a slower sorption step that, among other

possibilities, was attributed to diffusion through micropores.
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1.3 Plant Soil Interface

To this point, only the physical and chemical mechanisms of metal retention,
mobility and bioavailability have been considered. However, soils are not abiotic, but
instead are teaming with microbes, macro-invertebrates and plant roots, each having a
distinct influence on metal cycling. The rhizosphere was first defined by Hans Hiltner
in 1904 as the zone of soil in which exudates from plant roots can have an influence
on the activities of microorganism (Pinton et al. 2001). The thickness of the
rhizosphere is not clearly delineated but depends strongly on the amount of root
exudate produced and its subsequent utilization. Setting this zone apart from the bulk
soil are differences in chemical, biochemical and biological processes. Most of the
research since Hiltner’s time has focused on the beneficial (e.g., mycorrhiza) and
detrimental (e.g., nematodes) root interactions. However, with the increasing
popularity of phytoremediation, some focus has turned to the mechanisms by which
plants are able to remove and store large amounts of metals from soils enriched from a

variety of sources.

1.3.1 Hyperaccumulators Defined

There are a number of journal articles, reviews and books on the identification
and distribution of hyperaccumulating plants on ultramafic (Serpentine) and Calamine
soils throughout the world (Baker and Brooks 1989; Baker et al. 2000; Brooks and
Radford 1978; Brooks et al. 1990; Jaffre 1992; Morrey et al. 1992; Brooks 1998). By

definition, a hyperaccumulator is a plant that is capable of removing metal from its
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surroundings and transporting it from the roots to the shoots, where it is stored at
concentrations exceeding 1,000 pg g dry matter (Brooks et al. 1977). These criteria
hold for Ni, Co, Cu, Pb and Se, whereas Zn and Mn have a threshold of 10,000 ug g'1
and Cd 100 pg g respectively (McGrath et al. 2002). Hyperaccumulators are
additionally characterized by a shoot to root metal ratio >1 unlike non-
hyperaccumulators which capture or preclude metals at the roots (Baker 1981). To
date there have been over 400 hyperaccumulator species identified with the majority
(~300) of the species hyperaccumulating Ni.

There are several hypotheses for plants having the ability to hyperaccumulate
metals. Boyd and Martens 1992) summarized these as 1) tolerance mechanisms
(Baker 1981), 2) disposal of metal from the plant (Severne 1974) , 3) drought
resistance (Whiting et al. 2003), 4) interference with neighboring plants (Boyd and
Jaffre 2001), 5) inadvertent uptake and 6) defense against herbivores (Martens and
Boyd 1994; Martens and Boyd 2002; Pollard and Baker 1997, Jiang et al. 2005;Davis
and Boyd 2000;Jhee et al. 1999; Huitson and Macnair 2003) . Most studies have
focused on the anti-herbivory hypothesis for metal accumulation. It is more than
likely, however, that more than one of these hypotheses is responsible for metal
hyperaccumulation. For example, plants may isolate metals to the dermal tissues as a
means of tolerating high soil metal concentrations while minimizing disruption of
photosynthetic processes, which then has a corollary benefit of inhibiting herbivory

from insects that feed via rasping of the dermal tissues. Regardless of why these
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plants have developed the ability to hyperaccumulate metals, their use provides a
unique, natural opportunity for remediation of anthropogenically enriched soils or for

an economic use of marginal, geogenically enriched lands.

1.3.2 Phytoremediation — Types and Potential Economic Returns
Phytoremediation is a general term referring to the use of plants to remediate
soils, wastes and waters. Chaney 1983 was the first to describe the process of using
plants to remove metals from enriched soils. Since this time phytoremediation has
been divided into many sub-disciplines, reflecting the diversity of contaminants and
the physiological function of the plants. Included under this broad definition are
phytostabilization, phytoimmobilization, phytodegradation, phytovolatilization and
phytoextraction. Phytostabilization and immobilization rely on plants that are metal
tolerant to either prevent erosion loss of metals (mechanical stabilization) or enhance
soil chemical processes that promote the adsorption or precipitation of the metals. The
latter three technologies rely on hyperaccumulator plants to remove contaminants
from the soil and either degrade (organics), volatilize (volatile organics, Hg or Se) or
accumulate (metals) the contaminant in or from their above ground tissues. There are
many examples in the literature of field scale applications of these technologies
(Vangronsveld et al. 1995; Alcantara et al. 2001; Dushenkov et al. 1999; Kling
1997;0'Keeffe et al. 1996; Olson et al. 2001; Mench et al. 2003), and still more to

come as the utility of phytoremediation technologies are fully realized. The focus of
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this dissertation will be placed on the phytoextraction of metals from anthro-
pogenically and geogenically enriched soils.

Saxena et al. 1999 estimated that, using conventional remediation technologies
(i.e. dig-and-dump) it would cost in excess of US$ 7.1 billon in the US alone to clean
up metal enriched soils. Conventional remediation strategies are not only expensive,
they are applicable only to relatively small, highly concentrated areas of enrichment,
and rarely is there ever any economic return. Phytoextraction, however, may provide
the opportunity for not only the removal of metals from vast areas of metal enrichment
(such as aerial deposition from refining and smelting activities), but also the potential
for economic return via phytomining.

Phytomining is a form of phytoextraction in which the above ground, metal
containing plant biomass is harvested, incinerated for energy and the ash refined
(Chaney, 1983). In order for phytomining to be economical, there are several plant
traits that are necessary which include 1) high biomass production or, 2) a
bioconcentration factor >1 (plant shoot metal concentration / topsoil metal
concentration), 3) harvestability, and 4) metal tolerance mechanisms (Li et al. 2003).
Li et al. (2003) point out that no natural metal hyperaccumulating plants retain all of
these qualities. Therefore, research efforts have divided into two “camps” with the
focus of each to create a plant that retains all of these qualities. The first camp is using
conventional plant breeding and agronomic (i.e. fertilization, selective breeding etc.)
methods to enhance natural high biomass producing hyperaccumulator ecotypes. The

second camp is attempting to elucidate the underlying biochemical mechanisms using
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modern molecular genetic approaches in hopes of transferring these mechanisms to
higher biomass producing plants (examples: As -Dhankher et al. 2002; Hg - Heaton et
al. 1998; Se -Terry et al. 2003). Of these two approaches, the former has a higher
potential for success in the short term because there is still very little known about the
genetic mechanism of metal hyperaccumulation or hypertolerance.

Ultimately, in order for phytomining to be profitable, an adequate metal yield
must be achieved per unit area of land. The necessary yield depends on the target
metal and the world metal price. Several researchers have assessed the feasibility of
using various natural hyperaccumulating species for phytomining of Zn, Cd and more
recently Ni. As mentioned earlier, Chaney (1983) was the first to provide a practical
description of the use of hyperaccumulators to remediate soils. Brooks et al (2001)
compared Berkheya coddii Roessler and Alyssum bertononii for phytomining of Ni
and found that B. coddii was able to achieve 110 kg Ni/ha worth about $579 based on
Ni prices at the time. They estimated that planting of a B. coddii crop would generate
more money per hectare than a crop of wheat, allowing revenue to be generated on
land that would otherwise be impossible to farm, conventionally mine or remediate.
Several other examples exist in the literature (Robinson et al. 1997; Robinson et al.
1999-wheat and Ni on serpentine; Anderson et al. 1999; Chaney et al. 1999;

Boominathan et al. 2004; Mohan 2005; Robinson et al. 1997).
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1.3.3 Metal Acquisition Strategies

While the use of plants for phytoremediation is promising, there is still little
known about the mechanism plants use to extract metals from soils. Plants acquire
ions from the soil solution and thus the soil chemical and physical mechanisms
(adsorption, desorption, precipitation etc.) controlling ion content of the soil solution
should have a significant influence on plant metal availability. For example, lowering
soil pH can result in the release of metal cations into the soil solution (e.g. Al) which
may be detrimental to plant growth, and conversely, raising the pH can result in
nutrient deficiencies. However, just because an ion is in soil solution doesn’t
necessarily translate into an immediate uptake by the plant and conversely, just
because an ion is strongly bound to soil particles doesn’t mean it can’t be taken up.
Marschner 1995 pointed out that ion uptake by plants is characterized by selectivity,
accumulation and genotype.

For example, there are many studies that use chemical extractants such as
EDTA, DTPA or metal salts to remove metals from soils and related the removed
fraction to plant accumulated metals (Misra and Pande, 1974; Haq et al, 1980). In
most of these studies there is good correlation between the results, with the reagent-
extracted metal representing the most labile metal pool, which intrinsically should be
the most plant available species. However, in a study using A/yssum murale and
nickel contaminated soil (the same as those used in this study), Kukier et al. (2004)
found what appeared to be a counterintuitive accumulation of Ni with increasing soil

pH. As the pH was raised in these systems, the plant Ni content increased. This is
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opposite to findings that Kukier and Chaney (2000) had for 11 agronomic crops grown
on the same soils. Li et al. 1997) pointed out several possibilities for the
counterintuitive pH response including: 1) 4. murale adapted to growing in serpentine
Ni rich soils with pH ranging from 6-8.5 and thus the transport channels operate more
efficiently at higher pH, 2) competition with other solubilized ions, 3) organic pool
labialization, 4) low Fe and Mn oxide content in the soils which, if present, would
more effectively bind metals at higher pH, and 5) more efficient root exudate activity.
Regarding root exudates, few studies have examined the exudation of organic
compounds (e.g. organic acids) into the rhizosphere as a potential mechanism for
metal solublization and uptake. However there is little evidence that this mechanism
is important in Ni hyperaccumulation. Salt et al (2000) found that the rate of Ni
uptake was the same for the Ni hyperaccumulating 7. goesingense and the non
accumulator 7. arvense suggesting that the process responsible for excessive uptake in
T. goesingense is not an active process (i.e., facilitated by root exudates and specific
membrane transporters), but instead a result of increased Ni tolerance. Similarly,
Zhao et al. 2001 found that root exudates collected from Thlaspi caerulescens were
ineffective at mobilizing or increasing the uptake of Cd, Cu, Zn or Fe in wheat or
canola. Some researches have suggested that histidine plays a role in enhancing Ni
uptake (Kramer et al. 1996). However, histidine-bound Ni is also found in non-
accumulators and thus this is most likely not a specific response of hyperaccumulators
for acquiring excessive amounts of Ni. Further research is still needed to verify the

role of root exudates (if any) on increased metal acquisition in hyperaccumulators.
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Once at the root, metals enter the apoplastic space where they can be bound to
negatively charged cation exchange sites. Non-specific adsorption at exchange sites
within the apoplastic space is effective at holding cations close to active transport sites
in the plasma membrane which has been shown to indirectly enhance ion uptake
(Marschner, 1995). On the contrary, some metals such as Cu can form stronger
complexes within the apoplasm, accounting for the high total content of these metals
within some plant roots (Marschner, 1995).

Essentially, the roots (specifically the cell wall, plasma membrane and
tonoplast) of plants act as mediators, excluding the uptake of some ions while

promoting the acquisition or release of others. Active uptake mechanisms have been

demonstrated for many nutrient cations including Fe, SO* Cr, NO;, Ca’ and K.

The primary modus operandi occurs via an electrical potential gradient across the
plasma membrane created by membrane bound proton pumps (H—ATPase) which
are stimulated by differences in symplastic or cytosolic ion concentrations. The ions
are then shuttled along the electronic potential gradient in a process mediated by
membrane bound proteins or enzymes. The efflux or influx of amino acids and
sugars are driven by the same proton-pump created electrical potential gradient. ITon
uptake, however, isn’t always an active process. Metal ions can also move into the
cyctoplasm through pores in the plasma membrane via diffusion from areas of higher

concentration (e.g., symplasm) to areas of lower concentration (within the cytoplasm)
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(Marschner, 1995). In addition, ion channels provide another passive mechanism for
ion movement into the cell.

As it pertains to metal transport and hyperaccumulation, membrane
transporters (i.e., proteins or enzymes) have been genetically isolated for metals which
have essential roles in plant metabolism (e.g. Fe and chlorophyll; Zn-enzymes).
Isolation of metal transporters have been identified primarily through functional
complementation in yeast strains for Zn ( Assuncao et al. 2001; Pence et al. 2000;
Kim et al. 2004; Lasat et al. 2000) and Fe (Eide et al. 1996; Thomine et al. 2003).
There is little evidence of a specific membrane bound transporter for Ni.

As a final note, it is generally thought that microorganisms do not play a
significant role in increasing the uptake of metals from the rhizosphere. However,
Abou-Shanab et al. 2003; Abou-Shanab et al. 2003 found that Rhizobacterium in the
rhizosphere of A. murale were effective at solublizing Ni and thus enhancing uptake.
Additional research is necessary to confirm or dispel the role of microbes in metal

acquisition.

1.3.4 Metal Transport and Compartmentalization

Several researchers have focused on deciphering the biochemical mechanisms
plants use to tolerate high metal concentrations in their above ground tissue. The
proposed species involved in metal transport and storage within the plant include
organic and amino acids (Sarret et al. 2002; Salt et al. 1999; Kramer et al. 1996;

Kramer et al. 1997; Sagner et al. 1998; Persans et al. 1999; Homer, 1991; Baker et al.
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1983; Kerkeb and Kramer 2003; Lee et al. 1977; Vergnano and Gabbrielli 1987,
Pelosi et al. 1976; Lee, 1978) and/or metallothioneins (MT) which include enzymes
(transpeptidase), phytochelatins (numerous) and cysteine-rich proteins (Polette et al.
2000; Garcia-Hernandez et al. 1998).

In most of these studies, the primary mechanism of metal transport and
tolerance appears to be complexation to organic acids with the most prominent being
citrate, malate, malonate and histidine. No evidence is available to infer that
phytochelatins are involved in the hyperaccumulation of Ni. Phytochelatin production
is an energy intensive process, and one that the plant would most likely avoid using
unless sufficiently stressed, preferring instead to use readily available organic and
amino acids.

Once transported to the shoots, plants have adapted a variety of ways in which
to cope with the increased metal concentrations, depending upon metal variety and
plant species. Heath et al. 1997 found that the location of Ni in Thlaspi montanum to
be in the subsidiary cells surrounding the guard cells but not in the guard cells
themselves. Frey et al. 2000 found a similar exclusion of Zn from the guard and
subsidiary cells in the leaves of Thlasi caerulescens, also noting that while a majority
of Zn was in the vacuoles of the epidermal cells, there was also Zn in the cell wall and
mesophyll. Looking at three nickel hyperaccumulators, Alyssum lesbiacum, A.
bertolonii and T. goesingense, Kupper et al. 2001 found nickel to be preferentially
located in the epidermal cells of the leaves and stems, most likely in the vacuoles, with

a second peak within the boundary cells between the vascular bundle and the cortical
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parenchyma of the stems. They also noted the absence of nickel from the calcium rich
trichomes on the leaf surface with minor amounts at the base. Kupper et al. 2000
observed a similar appearance of concentrated metal at the base of the trichome when
looking at the accumulation of Zn in the Zn hyperaccumulator Arabidopsis halleri.
However, they concluded from that study that a majority of the Zn was found in the
mesophyll cells compared to the epidermal cells. This result is contradictory to the
pattern of Zn accumulation observed by Kupper et al. 1999 in a similar study of Zn in
Ti caerulescens, where, as in previous studies, epidermal vacuole localization was the
primary mechanism. They did note, however, that the epidermal cells were small
compared to the mesophyll cells, which may account for their apparent low metal
concentrations. Kramer et al. 1997), examining Alyssum lesbiacum by nuclear
microscopy using U-PIXE (photo ionization X-ray emission), found Ni to be
concentrated predominantly in the trichomes on the surface of the leaf. This pattern,
however, was not seen in other studies with the exception of the regions of
concentrated Zn and Ni observed in the basal cells of the trichome. This discrepancy
is most likely the result of differing sample preparations (shock freezing vs. chemical
substitution and freezing) and/or technique (SEM-EDAX vs. NM U-PIXE).
Summarizing these studies, it is clear that in most hyperaccumulating plants
metals accumulate within the vacuole of the epidermal cells and are absent from the
guard and subsidiary cells within the stomatal complex. However, there is variability

among species, with some observing non-typical accumulations within the mesophyll,
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the cells between the cortical parenchyma and vascular bundle, and at the base of the

trichome.

1.4 Multidisciplinary, Multitechnique Approaches To Investigate the Plant-
Soil Interface.

The research contained in this dissertation relies on the use of multiple
chemical and physical techniques to ascertain the behavior of Ni in both plant and soil
systems. These techniques include: total metal analysis, sequential extraction, ion
chromatography (IC), scanning electron microscopy (SEM), attenuated total
reflectance, Fourier transform infrared spectroscopy (ATR-FTIR), x-ray absorption
fine structure spectroscopy (XAFS), synchrotron based x-ray fluorescence (SXRF)
and absorption edge and fluorescence computed microtomographies (CMT). An
abundance of research has been dedicated to the refinement of each of these
techniques individually, however the application of them together to assess the
chemical behavior of Ni in the soil and plant systems studied in this dissertation
reflects the author’s philosophy that “multi-component systems require multi-
technique approaches”. The most important of the techniques used have been those
based on synchrotron radiation because they provide a direct measure of the metal
speciation within a variety of organic and inorganic systems with very little necessary

sample pretreatment.
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1.4.1 Synchrotron X-ray Spectroscopy

As alluded to earlier, bulk- XAFS techniques only provide an idea of the
average speciation of a metal over a few cubic millimeters. In such a case, high Z
elements, when coordinated to the central absorbing atom, tend to dominate the
spectra, making detection of minor but potentially significant species impossible
(Manceau et al, 2000). As such, it is difficult to interpret the spectra from bulk
techniques since they may be comprised of several minor species, making fitting the
data accurately difficult if not impossible. With increasing instrumental sensitivity
and spatial resolution of synchrotron-based techniques, together with enlarging
reference databases, it is likely that the previous shortcomings can be surmounted.
Manceau et al (2002) have outlined a procedure on using synchrotron-based
techniques to properly ascertain metal speciation within soil samples. By using bulk
XAFS, it is possible to find the compositionally dominant species within the sample,
and then using micro-spectroscopic tools such as p-XAFS, p-SXRF, p-XRD and p-
tomography minor yet potentially more reactive components can be detected. A
typical U-XAFS experiment (Fig. 1) begins by first collecting X-ray fluorescence
elemental maps from which metal correlations can be observed. From these maps,
regions of interest (i.e., hotspots) are selected and further probed using the
microfocused X-ray beam. Analysis of XAFS spectra collected from multi-component
systems cannot rely on traditional fitting procedures in which the spectra are broken
down into individual atomic shells. Therefore, to determine the species present within

a mixed system, a dataset of spectra from multiple spots throughout a sample are
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analyzed statistically using principal component analysis (PCA). The PCA technique
determines if the data set can be described as weighted sums of a smaller number of
components, which would be the case if each spot in the dataset is comprised of a
smaller number of distinct compounds. Target transformation (TT) is then used to
identify the components by taking a spectrum of a known reference compound and
mathematically removing from the spectrum anything that does not look like the
principle components identified by PCA. If minimal information has to be removed
from the known reference spectrum, then one can conclude it is most likely present in
the sample. After the contributing standard phases are identified, linear least squares
fitting (LLSF) is used to determine the number of components and amount (%) of each
standard species within the individual sample spectra making up the dataset. The
accuracy of this fitting approach is dependent upon the data quality, the completeness
of the standards data set, and the range over which the data were fit. Additional and
more thorough discussions on P-XAFS applications and methods of data collection
and analysis for contaminants in heterogeneous systems can be found in Bertsch and

Hunter (2001) and Manceau et al. (2002).

1.5 Research Justification
1.5.1 Port Colborne: A Metal Refining Legacy

The International Nickel Company (INCO) in Port Colborne, Ontario, Canada
operated a Ni refining operation on the shore of Lake Erie for almost 70 years (1918-

1984). During this period, the refinery went through five distinct operating phases,
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distinguishable by the type of ore and the refining process used (Jacques Whitford
Environmental 2001c). From 1918 to 1930, impure copper-nickel sulphide was
refined using the Orford Process, a pyrometallurgical method which uses sodium
sulfate to separate Ni from copper. From 1931 to 1938, the Orford process was
replaced with reverberatory-type furnaces in which nickel sulphide was converted to
nickel oxide and then further processed using electro-refining to produce Ni metal.
From 1939 to 1959 a nickel-sulfide concentrate was first sintered to “aggregate fine
particulates”, and to drive off SO,, and then refined using both reverberatory furnaces
and electrolyte baths to produce Ni metal. From 1960 to 1979 both NiO and NiS
mattes were refined using electrolyte baths and electro-refining. In 1984, Ni refining
ceased.

During its operational life, 7 billion pounds of electrolytic Ni were produced.
While emissions were not monitored, it is estimated that 18,000 tones of Ni was
emitted by the refinery, 97% occurring before 1960, and the majority (11,466 tones)
occurring between 1939 and 1959 (Jacques Whitford Environmental 2001c¢).
Particulate emissions during this time would have likely included nickel subsulfide,
nickel carbonate, nickel hydroxides, nickel oxide, nickel sulfate and nickel metal.
The emission emanated from two stacks that, in their original construction were 350
feet, but were raised to nearly 500 feet in the 1930’s and used until nickel operations

ceased (Conrad 2001).
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The combination of stack height and unmonitored emission resulted in the
enrichment of soils throughout the Port Colborne area (Figure 1.2). Twenty-nine

square kilometers of soils contain Ni concentrations in excess of the Canadian

T —— =) T =T T
Map 3: Nickel Conc. in Soil (0-5 cm)
Port Colborne 1998 ]

I
’ -_—-—-"-'-'
] 43t0 100ugigNi /(1\ | /T
[ 100t 200 ugigNi

[ 200to 500 ugig Ni
T 500 1o 1000 ug/g Ni
1 1000 to 2000 ugig Ni
E 2000 o 3000 ugig Ni
W 2000 to 4000 ugig Ni —
W 1000 to 5000 ugig Ni

5 o
& Surface Only Soll Sampling Locatian (0-5 cm) l’

u  Soil Profile Sampling Location (0-5,5-10.10-15 cm)

TN W L P

A\
\[.w\. i‘:;) = \Lf

. - ~
e
4 | J:‘ """\

Figure 1.2: Ni concentration in the top 0-5 cm of soil surrounding the nickel refinery in
Port Colborne, Ontario Canada. The isotherm encompassing the beige area represents
345km* exceeding 45 mg/kg Ni. The area in yellow (~29 km?) exceeds the Canadian
Ministry of the Environment (MOE) phytotoxicity threshold and thus requires cleanup.
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Ministry of the Environment (MOE) phytotoxicity based action level of 200 pg /g.
Estimated clean up costs using traditional methods (dig-and-dump) would cost
upwards of US$ 8.7 billion (2900 ha @ $3 million/ha).

The need to find an alternative method of managing the vast area of soil
enrichment around this site provides the social and economic impetus behind this
research. The scientific motivation comes from the desire to understand how the
different soil types and treatment have influenced the Ni speciation and what impact
this speciation has on the bioavailability of Ni. Specifically, our interests are in
determining if the degradation of aerially deposited Ni has resulted in the formation of
more stable nickel phases (i.e. surface precipitate) as well as the biochemical

mechanisms responsible for excess Ni accumulation in Alyssum murale ‘Kotodesh’.

1.6 Research Objectives

The three primary objectives of the research can be summarized as follow:

1. Determine the influence of soil type and remediation on the speciation and
bioavailability of Ni in refinery impacted soils,

This objective will be addressed in Chapter 2 where we used chemical,
microscopic and spectroscopic tools to evaluate Ni speciation in field soils collected
form test plots established by Dr. Rufus Chaney (Agronomist, USDA-ARS
Beltseville) adjacent to the Ni refinery in Port Colborne. The chemical techniques
include total elemental analysis, sequential extraction and a stirred-flow method to

assess Ni dissolution. These methods provide an initial idea of the relative chemical
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forms of Ni present as well their persistence. Electron microscopy was used to assess
the morphology of Ni within the soils as well as any associations with lighter elements
(e.g. Si, Al) undetectable by X-ray spectroscopy. The use of bulk and micro-
synchrotron X-ray spectroscopy (both I-SXRF and p-EXAFS) were used to obtain
direct chemical and spatial information on the distribution and elemental associations
of Ni species in the various soils. Principal component analysis and linear least

squares fitting was then be used to quantify the Ni speciation within the samples.

2. To determine the biochemical mechanism of Ni transport and storage in the Ni
hyperaccumulator Alyssum murale ‘Kotodesh’.

This objective will be addressed in Chapter 3 where synchrotron based X-ray
fluorescence and extended X-ray absorption fine structure spectroscopy, ion
chromatography and attenuated total reflectance Fourier transform infrared
spectroscopy were used to determine what chemical form 4. murale uses to store and
transport Ni. Alyssum murale was chosen because it is one of the only plants shown to
be an effective and commercially viable phytoremediation and phytomining
technology for the remediation of vast areas of enriched soils (Chaney et al. 1999; Li

et al. 2003; Li et al. 2003).

3. To determine where Ni is stored in Alyssum murale ‘Kotodesh’ using novel
synchrotron-based X-ray computed micro-tomography

In Chapter 4 synchrotron based computed microtomographies were used to
assess and quantify the distribution of Ni in root stem and leaf tissues. This work was

published in Environmental Science and Technology 2005: 39(7), 2210-2218. This
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objective arose from a desire to find a more direct, in vivo method of determining how
hyperaccumulating plants store metals within selected living plant tissues. Current
methods (e.g. SEM) require that the sample be fixed (e.g., shock frozen and freeze-
dried) and fractured prior to analysis, which may alter the metal distribution or
speciation. We have attempted to “get around” the fixation limitation by using
absorption edge tomography which is effective at determining the amount and three-
dimensional distribution of the highest metal concentrations throughout hydrated leaf

and stem tissues.
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