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different elements (e.g., Fe, Ni, Mn, Cr) impossible. The inability to find
heterogeneity in the sample is highlighted by the correlation plot in the
lower left corner, where Ni correlates with all elements. u-SXRD was
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ABSTRACT

Soil chemistry is a branch of research stemming from soil science and was mostly
geared towards research for agriculture and farming. However, because of increased
awareness about the environment, soil chemistry now largely focuses on the chemical
processes in contaminated soils. The chemical processes in soil occur at the interfaces
between soil components such as minerals, humic substances, microbes, fungi, plants and
water, and they control contaminant mobility. In this dissertation four projects were
carried out to study the soil chemical processes of nickel. Nickel is a common
contaminant in soils polluted with “heavy metals” and a model element to study because
other transition metals undergo similar chemical reactions. We find that nickel can
transform rapidly at the mineral-water interface into newly formed Ni-Al LDH
precipitates in tens of minutes, and we illustrate for the first time these fast reaction
kinetics in a “live” sorption reaction. Additionally, nickel hyperaccumulating plants have
no specific mechanism to preferentially remove nickel from minerals for transport into
their leaves, which was contrary to our hypothesis that the plants had some preferential
mechanism for nickel uptake. Lastly, we find that nickel is heterogeneously distributed
in ultramafic soils amongst iron and manganese oxides and in the silicate minerals of
primary and secondary ultramafic rocks and serpentinite, which illustrates the importance
of climate on weathering processes in soils, and that hyperaccumulating plants can

remove nickel from a variety of nickel mineral species.
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Chapter 1

INTRODUCTION

Environmental Soil Chemistry

Research in environmental soil chemistry revolves around interfaces, more
specifically, the interfaces in soils and sediments where surfaces of solids and water
meet. The reason for this is because the chemical reactions that control contaminant
mobility (e.g., dissolution, sorption, precipitation) occur at interfaces. The “solid” can
take many forms, and may be an inorganic mineral, like quartz or mica. Importantly,
though, is the distinction of particle size, for a sand-size grain of quartz has a much
smaller reactive surface area than its weight equivalent in the clay-size fraction. The
solid could also be a humic substance (e.g., organic matter or detritus). Additionally, a
solid could be a living organism, like a plant root, bacterial cell wall, or fungi. All of
these solids react differently with the elements dissolved in the soil pore water, and all
play a role in contaminant mobility and bioavailability.

What sets environmental soil chemistry apart from other, perhaps similar,
research fields (e.g., low temperature interfacial geochemistry or environmental
engineering of soils and sediments) is its flexibility to cover a range of interdisciplinary
research topics. Not only can research in environmental soil chemistry be strictly about
the inorganic chemical reactions that take place at the mineral-water interface, but it is

possible (and important) to incorporate all the important biotic and environmental factors



that are relevant to the natural environment. Additionally, environmental soil chemistry’s
history in agriculture and soil science puts food production and nutrient management also
under its research umbrella. Agriculturally important nutrients like nitrogen and
phosphorous and biocides commonly applied to crops are also studied in soil chemistry.
A range of environmentally important elements and molecules, including light
elements, to transition and heavy metals and metalloids, to radionuclides are studied in
environmental soil chemistry. Organic contaminants, such as petroleum based
hydrocarbons, are also common soil contaminants. Even research on global climate
change and carbon dioxide cycling are areas of intense research in soil science because
soils act as sinks for carbon dioxide. This range of research topics makes environmental
soil science and chemistry a highly interdisciplinary research field and sets it apart from

more traditionally defined academic roles.

Nickel in Soil

Nickel is a model element to study because it behaves similarly to other transition
metals in soils by forming mixed metal hydrotalcite-type layered double metal
hydroxides (LDHs). Other metals found to form LDHs on soil clay minerals include
iron, cobalt, nickel, and zinc (Elzinga, 2012; Nachtegaal et al., 2005; O'Day et al., 1994;
Scheidegger et al., 1997). Nickel in soil comes from two sources: human activities
(anthropogenic) and natural materials (geogenic). These sources yield chemical forms

(species) of nickel with different solubilities, which in turn affect nickel mobility in soils.



Anthropogenic sources of nickel include municipal and industrial waste, disposal
of household garbage and incineration, batteries, stainless steel production, coal
combustion, fertilizer applications, nickel refinery emissions, the metallurgical and
electroplating industries, and catalysts in the chemical and food industries (Alloway,
1995; Bacon et al., 2002; Denkhaus and Salnikow, 2002; Easton et al., 1992; Salt et al.,
2000; Yusufet al., 2011). Nickel is a component of stainless steel, coins and jewelry.
The production, refining, recycling and disposal of nickel containing products contribute
to nickel release into the environment. The most common anthropogenic nickel species
include oxides, sulfides, silicates, soluble compounds, and metallic Ni. The use of fossil
fuels contributes most of the nickel found in ambient air (Denkhaus and Salnikow, 2002;
Merian, 1984). Divalent nickel is the most common oxidation state of nickel in aquatic
environments (Forstner and Wittmann, 1981).

Geogenic sources of nickel include magmatic sulfide ores and additionally
lateritic silicates and iron oxides found in serpentine soils. Geochemical weathering
alters ultramafic bedrock into Ni-rich serpentine soil. In ultramafic bedrock (e.g.,
peridotite), nickel is substituted for magnesium in silicate minerals (e.g. olivine). Nickel
is present in serpentine minerals (e.g., lizardite) and accumulates with iron oxides as
primary silicate minerals weather (Alexander et al., 2007). Nickel hyperaccumulator
plants are native to ultramafic soils and can accumulate up to 3% weight nickel in their
above ground biomass. This high amount of nickel in the plant leaves makes them good
candidates for phytomining, where the dry plant material can be sold and economically

profitable (Chaney et al., 2007; Reeves et al., 1983).



People may be exposed to nickel by air, skin contact with soil, or metals
containing nickel; however, the major source of exposure to nickel is food (ATSDR,
2005). Nickel release can be a serious hazard to human health (Denkhaus and Salnikow,
2002), and low levels of nickel are ubiquitous in the environment and unavoidable to
humans. Nickel mining, smelting and refinery workers are among the most susceptible
to lung and nasal cancer caused by nickel exposure. Nickel refinery dust is carcinogenic

to humans (ATSDR, 2005).

Research Hypotheses and Objectives

This dissertation is composed of four research projects. Each project uses
different research methods to study nickel in soils and plants. The first research project
aims to understand the fast sorption kinetics of nickel to clay minerals. Nickel can
transform chemically in soils and on clay minerals to new, insoluble solid phases, such as
Ni-Al LDHs. We hypothesize that nickel can form these new phases in tens of minutes
and will carry out research to prove such. The second project characterizes the molecular
stability of LDHs using molecular modeling, with the goal of understanding how
aluminum substitution affects LDH stability. Ni-Al LDHs are important sinks for nickel
in contaminated soils. We hypothesize that changing the aluminum content of LDH will
significantly affect LDH stability, and hope to identify what aluminum content yields the
most stable LDH. The third project aims to identify the types of nickel minerals that are
most susceptible to hyperaccumulation by a specific plant. We hypothesize that certain

nickel minerals are more susceptible to hyperaccumulation than others. Nickel



hyperaccumulator plants are important for use in phytomining and are unique because
they accumulate large amounts of what would be toxic levels of nickel in other plants.
The fourth and final project will analyze several ultramafic soils to study nickel
speciation and distribution. Little research is available using direct methods (i.e.,
synchrotron techniques) to analyze ultramafic topsoils, which are naturally high in nickel.
We hypothesize that nickel is heterogeneously distributed with iron and manganese
oxides in addition to being a part of primary and secondary minerals in ultramafic

ophiolites and serpentinite (e.g., olivine and lizardite).
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Chapter 2

RAPID FORMATION OF LAYERED DOUBLE HYDROXIDES REVEALED BY
QUICK-EXAFS SPECTROSCOPY

Abstract

Sorption reactions at the mineral-water interface between trace metals and clay
minerals are extensively studied to understand trace metal fate, transport, toxicity and
bioavailability in the environment. Some trace metals in soils, such as cobalt, nickel and
zinc, transform into mixed metal layered double hydroxides (LDHs) and effectively
immobilize those trace metals as newly formed solid phases. However, no studies have
identified the rapid kinetics of LDHs formation in real time on mineral surfaces. Using
novel quick-scanning extended X-ray absorption fine structure (EXAFS) spectroscopy,
we demonstrate that Ni-Al LDHs form in mineral systems flow environments in about
30-40 minutes. This finding provides the first direct, in situ, real time evidence that metal
adsorption and precipitation at the mineral-water interface can take place on the same
time scale and establishes a new precedent for measuring and modeling the rapid kinetics

of adsorption and surface precipitation.

One Sentence Summary

QXAS reveals adsorption and precipitation of trace metals at the mineral-water

interface can occur on the same time scale.



Introduction

Adsorption Models

Equilibrium based adsorption models, such as the Freundlich and Langmuir
equations, and electric double layer and surface complexation models have been
commonly used to describe sorption reactions of trace metals at the mineral-water
interface. They are useful for comparative descriptions of macroscopic data but do not
prove reaction mechanisms and have also been criticized for their core assumptions when
applied to the chemical reactions at the mineral-water interface under environmental
conditions, such as in soils (Sparks, 2002). Additionally, these models do not include
several other processes important under environmental conditions. Specifically, clay
mineral size is not accounted for in the models, yet it heavily influences geochemical
reactions and kinetics (Hochella et al., 2008). Also, minerals (adsorbents) themselves are
dynamic and dissolve, thereby impacting sorption reactions of trace metals (adsorptives)
at their surfaces, often incorporating trace metals into newly formed precipitates (Charlet
and Manceau, 1994; Delacaillerie et al., 1995; Li et al., 2012; Scheidegger et al., 1997,
Scheinost and Sparks, 2000). Lastly, because the models are equilibrium based they do
not take into account the kinetics of sorption reactions, which vary from microseconds to
years and also heavily influence reaction products (Sparks, 2002). Given these
limitations in sorption models, it is desirable to investigate empirically the sorption
kinetic reactions at the mineral-water interface using direct, in situ methods, such as

synchrotron-based X-ray absorption spectroscopy (XAS).



Layered Double Hydroxides in Soils

Elevated levels of trace metals in soils and sediments pose environmental hazards
to plants, animals and humans, and the chemical form (species) of trace metals is directly
related to its mobility and bioavailability. To analyze environmental soils and sediments
and identify metal species at the mineral-water interface, direct methods, such as X-ray
absorption spectroscopy (XAS), are commonly used. Using XAS, the formation of metal
rich precipitates, such as hydrotalcite-type LDHs, on clay minerals has been identified for
reactions with iron(I) (Fe*"), cobalt (Co), nickel (Ni), and zinc (Zn) (Charlet and
Manceau, 1994; Delacaillerie et al., 1995; Elzinga, 2012; Scheidegger et al., 1997,
Thompson et al., 1999; Towle et al., 1997; Trainor et al., 2000). LDHs can serve as
important neoformed minerals for trace metal immobilization in contaminated soils and
sediments (Sparks, 2002). LDHs appear to form rapidly on clay minerals (Scheidegger et
al., 1998), and when silicon is present in the adsorbent they tend to be amorphous (Livi et
al., 2009). Lack of Si in the adsorbent can result in crystalline LDH products much larger
in size than the adsorbent itself (Li et al., 2012). Silication of the LDH interlayer, where
Si05(aq) enters the interlayer space, 1s thermodynamically favorable (Peltier et al., 2006),
and silicated-LDHs are similar to precursor phyllosilicates with mixed metal hydroxide

sheets (Charlet and Manceau, 1994; Ford et al., 1999; Sparks, 2002).
Limitations of Past Methodology

Although it has been shown that LDHs may form rapidly, previous methodology

has been limited because of the batch technique typically used in sorption reaction
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experiments in addition to the XAS hardware and software available at the time. Of the
literature on LDHs formation, most have employed at some point batch techniques and
XAS. Several studies have carried out time-resolved research [e.g., (Livi et al., 2009;
Scheidegger et al., 1998; Scheinost and Sparks, 2000)] via batch technique; however, as
such, all XAS measurements are not actually taken in real time and in situ of the
chemical reaction during LDH precipitation. XAS spectra collected from samples
reacted in batch mode are taken ex-situ of and posterior to the LDH precipitation
reaction. Regardless, from the literature, it has been concluded that there is often a
continuum between adsorption and precipitation (Sparks, 2002). This conclusion is
based on indirect evidence from batch studies of samples taken at discrete time frames.
Apart from the limitations of the batch methodology, XAS for most geochemical
reactions has been limited, until recently, to long scan times (e.g., 30 minutes to 1 hour
per scan) to obtain the extended x-ray absorption fine structure (EXAFS) spectra with
reasonable signal to noise ratios. To overcome these limitations, we combined a custom
built flow cell and Quick-Scanning XAS (QXAS) (Khalid et al., 2010). This setup
allows for the rapid acquisition of XAS data during the initial sorption phases of the
reaction (i.e., the first several minutes), which in turn permits the identification of a
continuum of trace metal chemical species in real time and in situ. The Q-XAS scan time
has been dramatically decreased in some cases to less than 1 second per scan (Khalid et
al., 2010). For environmental soil chemical reactions, Q-XAS has been used only in
analysis of the near edge structure (Ginder-Vogel et al., 2009; Landrot et al., 2010). Here

we apply the technique to the entire EXAFS range. Batch techniques and XAS beamline
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hardware were two limitations for the study of kinetic reactions at the mineral-water
interface. Additionally, improvements in XAS data analysis software such as
Athena/Artemis and Sixpack (Ravel and Newville, 2005; Webb, 2005), have greatly

enhanced the users’ ability to process data more quickly and accurately.

Objectives

Realizing the limitations in models and methodology and the recent advances in
Q-XAS, the specific scope and objective of our research was to determine in real-time, in
situ, and at the molecular scale for the first time the kinetics of trace metal rich LDH
precipitate formation on clay minerals. We designed a flow-cell to carry out the reactions
in situ by placing the flow-cell in the path of the incident x-ray beam, which rapidly scans
through the EXAFS range at about 1 scan per second, to monitor changes in metal

sorption and speciation over time.

Materials and Methods

Overview of Experimental Methods

This study overcomes prior research limitations to determine the rapid kinetics of
LDH formation on clay minerals by employing a novel approach that combines a flow
cell and Q-XAS. First, a flow-cell was designed to carry out the reactions in a flow
environment. A flow environment has the benefit of removing non-sorbed products from
the reaction versus a batch reaction where desorbed products and reactions are still able

to resorb to the surface (Sparks, 2002). Second, the flow cell is used in conjunction with
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Q-EXAFS spectroscopy (Khalid et al., 2010), which is a technique recently proven to be
useful in identifying the fast kinetics of environmentally important soil chemical
reactions (Ginder-Vogel et al., 2009; Landrot et al., 2010). The flow cell was packed
with a homogeneous mixture of pyrophyllite clay and glass beads. It was placed in the x-
ray path and solution containing nickel was pumped through the cell. In this setup, under
incident X-rays at the nickel K edge, the nickel that sorbs and accumulates at the clay
mineral surface fluoresces. The fluorescence was measured with a PIPS detector and
analyzed to determine the chemical form of nickel accumulating in real time on the
mineral surface. At the end of the reaction time, the flow was stopped. While stopped,
data were continuously collected on the non-flowing (NF) sample to measure further
changes under stagnant conditions over time. For Run 1, the reaction was run for 12.5
hours and then fluorescence data were obtained on a NF cell over 15 minutes. For Run 2
the reaction was run for about 5 hours and 20 minutes, and then the NF data were
collected over 40 minutes about 8 hours after the flow was stopped. For Run 3, the
reaction was run for 74 minutes and flow was stopped, and NF data were collected
immediately. For Runs 4 and 5, the reactions ran for 4 hours before flow was stopped

and NF data were acquired immediately.

Preparation of Pyrophyllite Mineral

The sub-0.2 micrometer fraction of several different sources of naturally
occurring pyrophyllite (from Ward’s Science) was obtained by centrifugation in water at

room temperature, assuming a particle density of 2.65g/cc and taking into account the
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initial and final settlement radii, r1 and r2, respectively. 50 mL conical centrifuge tubes
were used in a swing-bucket centrifuge. X-ray diffraction confirmed the major mineral to
be pyrophyllite in all samples with minor impurities of quartz. The clays were washed
once with 0.5M NaNOj and then three times with RO water. Lastly, they were freeze

dried.

Experimental Details

The experiments were carried out at beamline X18B of the National Synchrotron
Light Source (Khalid et al., 2010). The solution influent varied slightly from pH 7.5
+0.1, 3 mM nickel buffered with 40 mM HEPES and 100 mM NaNO3 for Runs 1 & 2 to
pH 7.5 £0.1, 3 mM nickel buffered with 50 mM HEPES for Runs 3, 4 & 5 (Ford et al.,
1999; Scheidegger et al., 1997). The HEPES buffer was necessary to counter the pH
decrease of the LDH hydrolysis reaction occurring in the flow cell and to maintain the pH
of 7.5 of the influent in the bottle open to the ambient air. The minimum amount of
buffer necessary was used. The influent solution was pumped via a peristaltic pump at a
rate of about 0.51 mL/min. The bulk density of the clay/glass bead mixture was 1.59 g/cc
on average. The <0.2 or <2 micrometer fraction of several different sources of naturally
occurring pyrophyllite (Scheidegger et al., 1996) was obtained by centrifugation in water
at room temperature, assuming a particle density of 2.65g cc” and taking into account the
initial and final settlement radii, r1 and r2, respectively. X-ray diffraction confirmed the
major mineral to be pyrophyllite in all samples with minor impurities of quartz and

kaolinite.
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The solution flowed from the influent bottle through tubing connected to the flow
cell. A 0.2 micrometer nylon syringe filter was placed at the exit of the flow cell. The
solution effluent flowed through filter and then through tubing to a fraction collector
where it was collected over two minute intervals throughout the reaction of several hours.

The material inside the flow cell consisted of a homogenous mixture of 4% or 8%
pyrophyllite clay with inert solid glass beads. Run 1 had 4% while Runs 2, 3, 4, and 5
had 8%. The glass beads were 250-300 micrometers in diameter, or >1250-1500 times
larger than the pyrophyllite clay mineral. Additionally, glass beads low in trace metals,
specifically iron, were obtained in order to minimize any interference of trace metal
fluorescence from the beads into the PIPS detector during the EXAFS experiments.
Trace metal free solid glass beads 200-300 um in diameter proved difficult to obtain.
Glass beads made of “soda lime” can have up to several thousand ppm of iron, which can
interfere with the nickel fluorescence. However, we found borosilicate glass beads that
were low in trace metals from Mo-Sci Specialty products, L.L.C., product number
GLO0179B5/250-300. We were unable to fine “fused quartz” glass beads but did find
fused quartz chips. However, preliminary experiments showed that the flow through a
mix of quartz chips and pyrophyllite was not as homogeneous as with glass beads.
Control experiments run with no pyrophyllite (i.e., just glass beads) showed no increase
in edge jump over time and an edge jump 3.6% in size to those at the end of other
experimental runs, indicating little nickel sorption and no increase in sorption to the glass

beads over time.
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All XAS experiments were carried out at the National Synchrotron Light Source
(NSLS) beamline X18B under QXAS mode (Khalid et al., 2010). The monochromator
was detuned approximately 30% and oscillated at approximately 0.5Hz. This frequency
combined with the rapid data collection software available at X18B yields about 4000
data points per EXAFS scan per second. To minimize the effects of the glitches caused
by the monochromator, the monochromator was rotated in the chi direction, which
dramatically decreased the glitch intensity and separated one large glitch into several
smaller ones. The smaller glitches moved up to higher energy as well, c.a. 11.5 A™,
where they were excluded from the FT window. It was determined through trial-and-
error that to obtain clean fluorescence EXAFS data that could produce meaningful fitting
parameters, data from about 5-10 minutes of scanning could be merged together. Less
amounts of time yielded data too noisy to carry out shell-by-shell fitting. Current to
voltage amplifiers were set to a filter time of Imillisecond. If amplifier filters were set to
longer times, e.g. 3 ms, the glitch spread out over more data points and was more difficult

to remove.

Q-XAS Data Processing

To process the QXAS data, multiple steps are necessary prior to background
subtraction and normalization because data are continuously collected both up and down
in energy. An encoder is used to measure the monochromator angle and nickel foil scans
are used to convert the encoder angle to energy (eV) using the first derivative of the foil

(8333 eV). The continuous up and down scans must be cut at high and low energies to
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separate individual scans. This procedure was carried out using custom software
available at X18B. Subsequently, the software packages Athena and Artemis (Ravel and
Newville, 2005) were used for normalization and background subtraction, deglitching
where appropriate and shell fitting analysis. Due to a glitch in the monochromator, it was
necessary to remove in general 4-5 consecutive data points in the EXAFS spectrum at
longer stages of the reaction and occasionally up to 8-9 points at beginning reaction
times. The amplifier filter set to 1 or 3 ms caused the glitch to spread out in energy and
only those points affected were removed. Generally up to a 0.15 A™' gap in data points is
allowed, or 3 points on a 0.05 A grid, for deglitching (Kelly et al., 2008). For all spectra,
the FT was carried out on a k-range of 3-11.3 with a k weighting of 3. Hanning windows
with widths of 1 and 0.3 were used for the forward and back FT, respectively. FEFF6L
(Zabinsky et al., 1995) was used to calculate theoretical scattering paths of Ni-O, Ni-Ni,
Ni-Al, and Ni-Si based on the structure of lizardite (Mellini and Viti, 1994). In the
lizardite structure, nickel and aluminum were substituted for magnesium. All spectra
were analyzed with a k weighting of 3. Amplitude reduction factors of 0.99 or 0.91 were
determined from aqueous nickel and nickel hydroxide standards for the filter times of 1
ms or 3 ms where appropriate and then applied to all fitting paths (Table 2.2). An
amplitude reduction factor for standards of Ni-Al LDH and nickel hydroxide from

Scheinost and Sparks (2000) was set to 0.85.

17



Testing Different Structural Models

Several fitting models were tested to determine the most reasonable method to fit
the EXAFS data, including an isostructural fitting model. This model has several
assumptions (Kelly et. al., 2008). One of which is that the Ni-Al distance is the same
(Delacaillerie et al., 1995; Peltier et al., 2006). This assumption, however, may be
inaccurate as the ionic radius of Al is less than that of nickel, which is what causes the
contraction of the M-M distance in the Ni-Al LDH versus the Ni(OH), (Delacaillerie et
al., 1995). Perhaps a more reasonable fitting model would restrict Al distances to less
than those of Ni by 0.03 A. Regardless, such small differences are on the borderline of
the detection limits for XAFS (O’Day 1994). Additionally, because of the impurities of
these systems (e.g., Si, NOs", and vacancy sites) it is difficult to decide with certainty
which atoms, apart from nickel, belong to the second shell using just structural fitting
models. Moreover, the Reduced Chi Square (RCS) values are significantly reduced in
the longer reacted samples with the inclusion of silicon into the fit. A reduction of ~2x in
RCS is considered to be significant improvement in the fit (Kelly et al., 2008).
Additionally, this improvement was accomplished without adding more fitting variables
(i.e., no increase in the degrees of freedom).

Another fitting model allowed the silicon atom to drift in R. Here we found with
one more degree of freedom the Ni-Al distance contracted even more while the Ni-Si
distance expanded further. This type of fitting could perhaps even more accurately

portray the neoformed silicated LDH by indicating a non-fully formed silicate layer
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partially detached from the hydroxide sheet and therefore at a slightly longer distance

than that generally found in a phyllosilicate mineral.

Wavelet Transformation

Wavelet transformation analysis was carried out with the HAMA program written
for IGORpro (Funke et al., 2007). WT was carried out on r and k ranges from
approximately 2.3-3.3 A and 3-11 k with a k-weighting of 3. The product of the WT
parameters sigma and kappa were set to equal twice the distance of the second shell
uncorrected for phase shift. The distance is circa 2.7 A and therefore sigma and kappa

were set to 1 and 5.4, respectively.

Results and Discussion

Figure 2.1 provides a direct comparison of two isostructural synthetic standards,
an alpha-Ni(OH); and a Ni-Al LDH with a Ni/Al ratio of 1.3 (Scheinost and Sparks,
2000) to Run 3 at 50-60 minutes of the reaction. The LDH and sample peaks at ~8.2 A™!
are truncated compared to the peak of the nickel hydroxide, which has higher, slender
amplitude and ends with an acute point at ~8.4 A™' (Scheidegger et al., 2000).

Figure 2.2 is the EXAFS data of all sample runs. Among all the runs, several
common features are indicated by arrows 1, 2, and 3. At~5.3 A!, arrow 1 indicates a
shoulder forming during the reaction. This shoulder results from focused multiple
scattering that occurs in the planar hydroxide layers and is common to many layered
single and double metal hydroxides and silicates (Charlet and Manceau, 1994;

Delacaillerie et al., 1995; Scheinost and Sparks, 2000; Yamaguchi et al., 2002).
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Additionally, between 7-9 A" a separation from one peak into two occurs over time in all
sample runs. Initially one peak is present and over the first hour in all samples two peaks
form.

Figure 2.2 also contains the Fourier Transformation (FT) of the EXAFS data into
radial structure functions (RSF), uncorrected for phase shift. Over the course of the
reaction, the amplitude of the first shell at ~1.6 A remains constant while that of the
second shell at ~2.65 A increases. The second shell is dynamic over time in all samples,
increasing in amplitude and changing slightly in distance and backscatterer CN (Table
2.2). At the beginning of each run, the second shell is small and continues to increase in
size over time as nickel accumulates on the pyrophyllite surface and precipitates begin to
form. The changes in amplitude, distance, and CN indicate shifts in the local atomic
environment surrounding the central nickel atom. Shells at ~4.9 A and ~5.6 A present in
all samples are the 2nd and 3rd metal coordination shells and also increase in height with
reaction time. They result from focused multiple scattering in the hydroxide layer and
are most prominent at the end of the reaction time (Funke et al., 2007; O’Day et al., 1994;
Scheinost and Sparks, 2000).

Table 2.2 gives the structural fitting results for all sample runs. The first shell
results from the oxygen atoms that surround nickel, and coordination numbers (CN) of
5.6-6.4 remain constant throughout the reaction for all runs. In all runs, the Ni-O
distances were determined to be between 2.05-2.08 A, with 2.06 A being the most
common distance. The second shell of Ni-Ni ranged from 3.10-3.07 A with CN of nickel

ranging from 0.5 to 4. Distances of 3.07 A to 3.08 A for Ni-Ni in the second shell are the
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most common. 3.07 A is slightly reduced compared to the Ni-Ni distances of the alpha
nickel hydroxide standard 3.09 A. However, Ni-Ni distances in alpha nickel hydroxide
can range from 3.07-3.09 A (Pandya et al., 1990). The incorporation of aluminum into
the hydroxide layer decreases the metal-metal distance (Delacaillerie et al., 1995;
Scheinost and Sparks, 2000); regardless differences of 0.02 A are still within the
experimental error (O’Day et al., 1994).

Analysis of the second shell is complicated by the contribution of several different
atomic backscatters at different distances from the central absorbing nickel atom. In
silicated mixed metal hydroxides, e.g., a silicated-Ni-Al-LDH, aluminum substitution for
nickel in the octahedral layer and silicon present in a tetrahedral layer simultaneously
produce two different backscattered photoelectric waves that are partially destructive and
constructive, respectively, with the photoelectric wave produced by nickel in the
octahedral layer (Delacaillerie et al., 1995; Manceau, 1990; Manceau and Calas, 1986;
Scheinost and Sparks, 2000). The Ni-Ni and Ni-Al photoelectric waves produced from
those atom pairs at ~3.06 A are partially destructive; however partially constructive
interference occurs between Ni and Si when the Si atoms are further away from the
absorbing Ni atom and located in a tetrahedral sheet at e.g., 3.21 A (Manceau and Calas,
1986). Additionally, because of the impurities of these systems (e.g., covalently bonded
NOs™ to the hydroxide layer and vacancy sites) it is challenging to decide with any degree
of certainty which atoms apart from nickel belong to the second shell using the statistics
of structural fitting models alone. This is one reason why Table 2.2 mainly consists of

Ni-Ni for second shell fits. Another reason is to avoid any false positive results for
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aluminum or silicon scattering paths. For example, the Reduced Chi Square (RCS)
values are significantly reduced in the longer reacted samples with the inclusion of
silicon and aluminum into the fit (Table 2.2, all samples at the end of their runs). A
reduction in RCS of about two is considered to be significant improvement in the fit
(Kelly et al., 2008). Additionally, this improvement was accomplished without adding
more fitting variables (i.e., no increase in the degrees of freedom). It is reasonable for
nickel to share 6” and AR values with aluminum and silicon because when those variables
are fit independently, their error bars overlap with those of Ni and so they can be shared
(Kelly et al., 2008). Additionally, using an isotropic expansion—contraction fitting model
is reasonable to help reduce the number of independent fitting variables (Kelly et al.,
2008).

However, when silicon is added to the nickel hydroxide standard, the RCS value
also decreases by more than twice (Table 2.2). Perhaps this is due to similar
backscattering amplitudes and frequencies of silicon and nitrate groups commonly found
covalently bonded in single layered hydroxides (Delacaillerie et al., 1995; Scheinost and
Sparks, 2000). The standard is known to have no silicon in the interlayer according to the
FITR spectra (Scheinost and Sparks, 2000); however because silicon can increase the fit
of the silicon-free nickel hydroxide standard, there is no confidence to place silicon as a
scattering path into unknown samples.

In Table 2.2, the choice to only show Ni-Ni distances for the majority of the
reactions was deliberate. At the end of all sample runs, both fitting models A and B are

shown for comparison to prove that other scattering paths do improve the fit by lowering
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the RCS value by more than a factor of two without adding additional fitting parameters.
We choose not to include fitting model B into the earlier portions of sample runs because
even though the RCS values do decrease, they do not decrease by a factor of two until
later in the reactions. Adding aluminum and/or silicon in model B did not change the Ni-
Ni distance significantly, so it is reasonable to only consider model A for interatomic
distances. Even when aluminum is included in the fit for the Ni-Al LDH standard, the
RCS value decreases but not significantly. The presence of aluminum, however, is
indisputable because of the beat pattern and truncation at ~8.2 A™.

Regardless of these interferences and statistical comparisons, the beat pattern
present at ~8.2 A (Figures 2.1 and 2.2, arrow 3) can be used to unequivocally
distinguish LDHs from hydroxides (Scheinost and Sparks, 2000). In Figure 2.2 the peak
height at ~7.5 A™! (arrow 2) is equal to that of the adjacent peak at ~8.2 A (arrow 3).
The equal peak heights at arrows 2 & 3, i.e., a truncated peak at arrow 3, are apparent in
some sample runs (e.g. Run 3) starting at 31-40 minutes and throughout the rest of the
reaction. Based on this truncated peak height and beat pattern of Ni-Al LDHs, we
conclude that LDH precipitates form over short time scales in real time, in situ, flowing
reactions and provide the first direct evidence that adsorption and precipitation can occur
on the same time scale.

The rapid formation of LDHs identified here in an in situ, flowing environment
has many implications for fate, transport, toxicity, and bioavailability of trace metals in
the environment because those processes are related to the kinetics of trace metal

precipitation in soils. These rapid precipitation mechanisms can be used to improve
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modeling efforts so models more accurately depict the natural environment. For
example, modeling of trace and toxic metals in the environment heavily depends on their
sorption affinities to soil minerals and oxides, the rates at which new precipitates form,
and the mineral solubilities. Software programs used in modeling, like MINTEQ (Zelmy
et al., 1984) or TICKET (Farley et al., 2011), often use equilibrium constants of pure
minerals, however, because these mixed metal LDH phases are only recently being
characterized (Peltier et al., 2006) their inclusion into these data bases are limited. They
are not accounted for in speciation/solubility diagrams because they are impure, and up to
this point not considered to form rapidly. However, LDHs are thermodynamically stable
over pure single metal phases; for example, Ni-Al LDH is more stable than nickel
hydroxide (Peltier, et al., 2006).

Never has a molecular scale study been carried out under these conditions to show
the rapid formation of metal rich precipitates in real time. Showing that precipitates can
form on the same time scale as adsorption establishes a new precedent for the way we
consider the kinetics of adsorption and surface precipitation. In environmental soil
chemistry and low temperature surface geochemistry this finding challenges the long held
belief that precipitation in soils occurs on long time scales. But now we have shown for
the first time how LDHs can form in a live reaction in tens of minutes to immobilize trace
metals. The kinetics of formation are so rapid in a live reaction, we propose that a new
perspective on mixed metal phases in the environment should be realized and accounted
for in modeling and predicting transport of trace metals to truly capture the heterogeneity

of environmental systems.
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Wavelet Transformation of LSHs and LDHs

Apart from the qualitative comparison of EXAFS data, interference between
distinct backscattering waves in a mixed metal shell significantly complicates EXAFS
modeling. To separate backscattering waves that compose a single shell in r-space, it is
helpful to resolve the data in both k- and r-space using wavelet transformation (WT).
WT can identify if more than one type of backscatterer (either from an atom or multiple
scattering) is contributing to the EXAFS data (Funke et al., 2007). Figure 2.8 shows the
WT plots of Run 3 and of the reference alpha-nickel hydroxide phase from Scheinost and
Sparks (2000). The WT was carried out on the 2nd and 3rd metal peaks between ~4.6-
6.4 A, which result from the focused multiple scattering in the hydroxide sheet (Funke et
al., 2007). What was thought to be the presence of a light and heavy backscatterer in the
hydroxide sheet of Run 3 is indicated by the separate red maxima at different
wavenumbers. The maxima for the nickel hydroxide sample are at the same wave
number, indicating the 2nd and 3rd peaks are of the same composition, i.e., nickel atoms
(Aimoz et al., 2012). Upon further examination, it has been determined that identical
sigma and kappa values for the WT must be used in order to make any conclusions. By
shifting the kappa values, the shapes of the WT plots change drastically as is also noted
in Figure 2.8. When Run 3 is transformed using a kappa value of 30, the two peaks
merge into one and a conclusion about light and heavy elements occupying the 2nd and
3rd metal shells is incorrect. Upon further examination of the supplemental information
in Aimoz et al. (2012), it is shown that the LDH must have a significant amount of light

elements in the 2nd and 3rd metal shells to observe changes in k-space for peak maxima.
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Many LDHs still show two maxima at similar k values, making the WT plot by itself a

difficult tool to use distinguish LDH from a single metal hydroxide.

Wavelet Transformation of Alpha and Beta Nickel Hydroxides

The purpose of focusing on the second and third metal shells is that they result
from the focused multiple scattering in the hydroxide sheet (Funke et al., 2007). So
ideally Ni and Al should appear at different k values, but the sensitivity of WT analysis
along with a lack of long range order in precipitated Ni-Al LDHs many times do not
allow for this. It would be preferred to analyze the second shell of an LDH in order to
separate out the Ni and Al phases, however, as described below, several other problems
arise.

Figure 2.9A,B, and D illustrate the problem. Alpha and beta nickel hydroxides
have the same WT plots as two different Ni/Al LDHs and a nickel phyllosilicate.
Perhaps silica is a contaminant in the nickel hydroxide interlayer (see discussion below),
or perhaps a triangular Ni-O-O-Ni1 MS path could cause the same effect in the WT plot.
Both of these hypotheses produce statistically improved fits over just Ni in the second
shell of single metal nickel hydroxides. The problem is that in the literature, researchers
never use MS paths to fit nickel hydroxides and other articles state that molecules do not
intercalate the b-nickel hydroxide layers. However, a silicon tetrahedron could
theoretically fit in the interlayer.

In using wavelet transformation software HAMA (the Fortran version),

performing the WT of the second shell of several alpha or beta nickel hydroxide samples
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yields two distinct regions in the WT plot. This pattern, as discussed in the literature,
generally indicates two types of backscatterers, one low Z and one high Z, that contribute
to the EXAFS spectra at different regions of chi. In fact, these nickel hydroxide samples
produce similar WT to those of Ni/Al LDH. This is problematic for using WT to identify
LDH because nickel hydroxide should only have 1 type of backscatter dominant in chi,
i.e., nickel. Several hypotheses as to why nickel hydroxide and Ni/Al LDH produce
similar WT plots are presented: 1) Ni-O multiple scattering paths in the single metal
hydroxide could significantly contribute to chi at low k, or 2) there is silicon
contamination in the nickel hydroxide interlayer [e.g., adding a Si path to the shell fit (not
shown in the attachment) gives Si at about 3.29A, which is indicative of a tetrahedral
silicate sheet adjacent to the octahedral metal sheet.

Delacaillerie et al. (1995) states that (1) the basic nickel nitrate salt
[Ni(NOs),*2Ni(OH);] is indistinguishable from alpha-Ni(OH), by EXAFS observation
only, and (2) the basic nitrate salt has nitrato groups covalently bonded to the hydroxide
layer. Additionally, nitrate or carbonate ions may remain adsorbed to the alpha-hydroxide
due to air contamination or insufficient washing.

Although Delacaillerie et al. (1995) states that the spectra of a basic nickel nitrate
salt and that of alpha nickel hydroxide are indistinguishable, the bound nitrato groups
seem to slightly dampen the EXAFS signal amplitude, throughout all parts, as compared
to the pure alpha nickel hydroxide. Perhaps this dampening from covalently bonded
nitrato or carbonate groups appears in the WT plots. Essentially, they dampen the

oscillations of the basic salt EXAFS spectra compared to those of the pure alpha-
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hydroxide spectra. Then, in the WT plots they appear as a lighter Z element, similar to
the effect that aluminum has in the WT plot. The major difference, however, between the
nitrato groups and Al is that Al in the hydroxide layer produces a very noticeable beat
pattern in the chi spectrum at 8 A™.

It is quite deceiving when one is looking for another maximum at lower k values
in the LDH and then they also appear in the pure mineral single metal hydroxides. So it
would be important to wash samples thoroughly so as to remove as much basic nitrate
anions as possible. See Figure 2.9A,B, & B where the basic nickel nitrate salt hydroxides
have very similar EXAFS spectra to the alpha nickel hydroxides. The good news is that
the characteristic beat pattern and dampening of the oscillation at about 8 A™ is not
affected by the adsorbed basic salts. After working with many samples, I've come to the
conclusion that many of our nickel hydroxides are contaminated with nitrate/nitrato
groups bonded to the hydroxide layer and are not pure single metal hydroxide standards,

as seen in the WT plots of Figure 2.9A,.B & C.

Using Different Structural Fitting Models

In order to determine the best structural model to use when fitting the EXAFS
data, several fitting models were used and the results are described below. Run 3 was
reacted in the flow cell for 74 minutes. During that time, 3 mM nickel constantly flowed
through the cell at 0.5 mL/min. The sample was then allowed to rest for an additional 70
minutes to measure any changes in nickel speciation without flow (i.e., under non-

flowing “NF” conditions). Information presented in Figures 2.10 and Table 2.3
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represents the analysis of EXAFS data collected over a period of 5 minutes at the end of
that resting period.

Shell fitting analysis was carried out on the first two shells of the Fourier
Transformed (FT) k’-weighed EXAFS data. Extraction of the EXAFS data from the raw
spectrum was carried out using Athena, while shell fitting analysis was carried out using
Artemis (Ravel and Newville, 2005). FEFF6L (Zabinsky et al., 1995) was used to
calculate theoretical scattering paths of Ni-O, Ni-Ni, Ni-Al, and Ni-Si based on the
structure of lizardite (Mellini and Viti, 1994). In the lizardite structure, nickel and
aluminum were substituted for magnesium. Seven different fitting models (Table 2.3)
were used based on the lizardite structure. Based on these results it could be determined
that nickel-aluminum phyllosilicates were formed in the sample. This structure was the
only one to have a minimum chi square value and physically acceptable interatomic
distances. However, upon further examination of how extra fitting paths affect reference
data (Table 2.2), it seems concluding a nickel-aluminum phyllosilicate has formed is
somewhat premature because adding silicon to nickel hydroxide also decreases the RCS
value by more than two, and there is no silicon in that sample. Realistically, based on the
truncation and beat pattern at 8 A, a Ni-Al LDH has formed but the question of
silication is still there [Figures 2.3 & 2. 7]. Although Scheinost and Sparks (2000) state
the beat pattern at ~8.2 A" unequivocally distinguishes LDHs from phyllosilicates, we
additionally note that a silicated-Ni/Al-LDH will still yield a truncated peak at ~8.2 A™" |

as illustrated by Ford et al. (1999)[Figure 2.7].
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Of the 7 fitting models in Table 2.3, models 1, 3, 5, 6 and 7 have comparable
reduced chi square values of 18, 7.5, 22, 17 and 11.5, respectively. Those values are on
the order of 2x less than those for fit models 2 and 4, and so models 2 and 4 could be
disregarded. A decrease in the reduced chi square value by a factor of 2 indicates a
significant enhancement in the fit (Kelly et al., 2008). The best chi square value of 7.5
involves nickel and a Ni-O-Ni multiple scattering path. This type of path has been used to
fit LDH phases (Funke et al., 2005); however, here, it requires a significant CN of 32,
which is too high considering that in structures where scattering atoms are far from
collinear, as is the case for the first metal shell here, MS paths are important in the
EXAFS range only for interatomic distances of <1.6 A, which is not the case here
(Bunker and Stern, 1984). Hence fitting model 3 can be disregarded.

Fitting models 1, 5, 6, and 7 remain as possible candidates for the best model.
However, several problems are identified in models 5 and 6. In model 5, the Ni-Al
distance of 3.238 A is too large to represent either nickel adsorbed to aluminum at edge
sites of pyrophyllite or nickel incorporated into the hydroxide layer of a Ni-Al LDH
precipitate (Scheidegger et al., 1996). However, this distance indicates that perhaps Si is
present. Ni-Al distances should be 2.96-3.06 A (Delacaillerie et al., 1995; Scheidegger et
al., 1997). Fit model 6 is problematic because the Ni-Si distance of 3.137 is too short.
This distance would indicate an edge sharing bidentate complex between the nickel
octahedron and silicon tetrahedron; however, because of the dissimilarity between the O-
O distances of nickel octahedra and silicon tetrahedra this complex is not possible

(Scheidegger et al., 1996). EXAFS cannot differentiate between Al and Si because they
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have nearly equal scattering factors. Additionally, if Ni is present with Al/Si at the same
interatomic distance, partial destructive interference of the backscattered photoelectric
wave occurs. However, constructive interference occurs between Ni and Si when the Si
atoms are farther away from the absorbing atom (e.g., at 3.21 A) (Manceau and Calas,
1986). The last fitting model number 7 uses an isotropic-expansion contraction model
(Kelly et al., 2008). Here Ni, Al, and Si all share disorder terms and shifts in r. This is
an acceptable assumption because their error bars overlap when fitted independently, so
this allows for a reduction in fitting parameters. Here we also have a very low reduced
chi square value and all the atomic distances are reasonable with reasonable disorder
statistics as well. This model could also be chosen as the correct model.

In summary, by using several different fitting models, then eliminating models
with statistically large reduced chi square values and models with unrealistic interatomic
distances, one can choose a model that best represents the system. Here, apparently
model 7 best represents the system. This indicates that the precipitation of neoformed
hydrated nickel-aluminum silicates can occur within several hours of the start of the
reaction. The calculated interatomic distances of Ni-O (2.056 A), Ni-Ni and Ni-Al
(3.054 A) and Ni-Si (3.305 A) (Table 2.2) agree well with the established values of nickel
phyllosilicates. In sheet silicates, metal-Si parings near 3.2-3.3 A is a typical distance for
corner sharing of Si tetrahedra and metal octahedra, and metal-metal distances of 3.0-3.1
A are typical of edge sharing octahedra (Charlet and Manceau, 1994; Manceau and Calas,
1986; O’day et al., 1994). However, again, one must keep in mind that adding silicon to

nickel hydroxide also decreases the RCS value by more than two (Table 2.2), and there
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was no silicon in that sample. In effect, we are forced to accept the most simplistic fitting
model, which was model 2 as an acceptable fit. Regardless, the truncations and beat
pattern at 8 Al are there (Figure 2.1, 2.2, 2.3, and 2.7).

Figure 2.10 shows the graphs of the results from fitting models 2 and 7. One can
see that even though there is a decrease in RCS of more than 2, the fits themselves
visually look similar. This demonstrates the importance of how it is the responsibility of
each user to fit the data as honestly as possible so as to present results that while may not
be exactly what one expected e.g., a silicated Ni-Al LDH could be the right answer, yet

Si improves the fit of the pure nickel hydroxide standard.

Experimental Setup Improvement

Although the flow cell designed for these experiments was critical for carrying
out the reactions in situ, several improvements can be made to the design to make
duplicating the results and running experiments faster. Kapton capillary tubing could be
used to replace the flow cell. This change would make packing the flow cells much
easier and faster. Additionally, the tubes are disposable, so after the experiment is done
the tubes can be discarded or saved for future analysis. The flow cells are tedious to
clean between experiments at the beamline.

Apart from changing the flow cells to capillary tubes, it would be useful to rerun
samples to collect for aluminum and silicon concentrations in the effluent with and
without nickel addition. During these experiments, the effluent was collected, however,

because of low aluminum and silicon concentrations and fast collection times, too little

32



sample was collected to accurately determine the concentrations of those elements in the
effluent. Running duplicate experiments with and without nickel would help to
determine if nickel promotes dissolution of the sorbent mineral.

Another important modification to the experiment would be to saturate/hydrate
the clay mineral prior to reaction with the influent. Generally, experiments at the
mineral-water interface investigate the mineral surface that has been hydrated previous to
running the experiments. In these experiments, however, the clay mineral was dry-
packed in the flow cell. Unfortunately, the filter at the exit of the flow cell can become
clogged when cycles of air and water pass through it. If the mineral in the flow cell is
previously hydrated before pumping the influent then the filter will clog and cause
leaking from the flow cell window. This could be avoided by not using a filter.
However, if a capillary tube were used instead of the flow cell, pure glass beads could be
used to pack the end of the tube and act as a filter. This way it may be possible to use
just the clay mineral in the capillary tube and not mix the clay mineral with glass beads.

Adjusting the flow rate would also provide additional information on the kinetics
of LDH formation in situ and in real time. The flow rates used in this experiment (0.51
mL/min) worked well in preliminary tests but should be looked at in more detail, for
example, testing a slower or faster flow rates. Lastly, in situ desorption studies could be

performed to clarify the rate of dissolution in situ.
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Figure 2.1 A comparison of two isostructural compounds, an alpha nickel hydroxide
and Ni-Al LDH=1.3 (Scheinost and Sparks, 2000) with Run 3 at 51-60
minutes reaction time. The Ni-Al ratio in the standard is 1.3. The
characteristic beat pattern and truncation at ~8.2 A" seen in the LDH is also
present at the time frame in Run 3.

34



Run1i

% 7.5-8.5 hrs NF

2.3hrs
341-360 min
61-180 min

= o

3
N—>

1

—

BEIS) N

7.58.5 frs NF

281-300 min
161-180 min
51-60 min

1

21-30 min
7-15min

()%

Run3

60-70min NF

[
£}

£
=]
Iy
=)
@

31-40 min
21-30 min
16-20 min

()X

R (A) #AR

Run4

31-60min NF

61-180 min
@1-70 min

1

1-18 min

(

A

4-10min

)

Run 5

51-60min NF
161-180 min

51-80 min NF

11-18 min

Za) 4-10 min

() L

7 8 9 10 1
Run1

6

4

w
E
=

)

4
=
o
o
o

7 341-360 min
" 161-180 min
51-80 min

7-20 min

35



Figure 2.2

EXAFS and RSF plots of all sample runs. Arrows 1, 2, and 3 indicate
similar structural changes emerging which are common to all samples over
time. In all EXAFS data the samples over time develop a beat pattern at
~8.2 A, indicative of Ni-Al LDH (Scheinost and Sparks, 2000). In all RSF
plots the first Ni-O shell remains at constant amplitude while the second
shell grows with time.
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Figure 2.3 A comparison of all samples at the end of their runs to several standards.

The five runs are plotted with three standards: Ni-Al LDH =3.1 and alpha
nickel hydroxide both from Scheinost and Sparks (2000), and Ni-Al LDH-
CO5> from Peltier et al. (2006) to illustrate how the sample runs are similar
to two Ni-Al LDH standards . The truncation at ~8.2 A'and beat pattern are
present in all samples and in both LDH standards
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Table 2.1  Shell-by-shell fitting results of all samples and standards. Structural
parameters for all times during each sample run are presented along with the
two standards from Scheinost and Sparks, 2000 (Ni-Al LDH 3.1 and alpha-
nickel hydroxide). Fitting model A uses only nickel in the second shell
while fitting model B illustrates how adding aluminum and/or silicon into
the second shell affects the quality of the fit in terms of RCS value. Fitting
model B is only shown where its RCS value is more than two times smaller
than the RCS of model A, which generally only occurred at the end of the
reaction runs.

Reaction Fitting R- Chi  Red. Chi Shell AE +AE
Sample Time Model factor N, N, Square Square  # Path CN R(A) o® (A% (ev) amp #R(A) xo® (R) (ev)
Run 1 7-20 min A 0.003 103 5 69 13 1 N,I_O, 5.6 2.0550.0056 -0.50 0.99 0.004 0.0002 0.64

2 Ni-Ni 1.3 3.073 0.0053 0.006 0.0006
51-60 min A 0.005 103 5 267 50 1 N_I_OA >-6 2.058 0.0059 0.24 0.99 0.0050.0003 0.80
2 Ni-Ni 2.6 3.078 0.0061 0.006 0.0004

161-180 min A 0.002 103 5 498 94 ! N_I_OA >8 2.062 0.0063 0.70 0.99 0.004 0.0003 0.56
2 Ni-Ni 3.4 3.076 0.0075 0.004 0.0003

341-360 min A 0.004 103 5 572 108 1 N_I_OA 5.7 2.0570.0060 0.27 0.99 0.004 0.0003 0.70
2 Ni-Ni 3.5 3.075 0.0067 0.005 0.0003
1 Ni-O 5.6 2.053 0.0058 0.002 0.0002

341-360 min B 0.001 103 5 162 31 2 N!_NI 3.3 3.068 0.0068 -0.48 0.99 0.003 0.0002 0.36
2 Ni-Al 0.9 3.068 0.0068 0.003 0.0002
2 Ni-Si 1.5 3.274 0.0068 0.003 0.0002

12.5 hrs A 0.004 103 5 972 183 ! N,I_O, >8 2.053 0.0063 0.39 0.99 0.004 0.0003 0.70
2 Ni-Ni 3.6 3.070 0.0062 0.005 0.0003
1 Ni-O 5.6 2.047 0.0060 0.001 0.0001

12.5 hrs B 0.0004 103 5 105 20 2 N!-NI 3.6 3.058 0.0066 -0.71 0.99 0.001 0.0001 0.22
2 Ni-Al 1.6 3.058 0.0066 0.001 0.0001
2 Ni-Si 1.9 3.264 0.0066 0.001 0.0001
1 Ni- 5 2. . R 5 4

Run 2 7-15 min A 0.007 104 5 65 12 ,IO, >5 058 0.0058 -0.05 0.99 0.006 0.000 0.94
2 Ni-Ni 1.6 3.079 0.0097 0.013 0.0014

21-30 min A 0.004 10.8 5 76 13 1 N_I_OA >-8 2.055 0.0061 -0.59 0.99 0.004 0.0003 0.7
2 Ni-Ni 2.1 3.066 0.0073 0.006 0.0005

50-60 min A 0.004 10.8 5 219 38 ! N_I_OA >8 2.055 0.0061 -0.32 0.99 0.004 0.0003 0.71
2 Ni-Ni 2.7 3.072 0.0071 0.005 0.0004

161-180 min A 0.003 103 5 318 60 1 N_I_OA 5.6 2.065 0.0060 1.09 0.99 0.004 0.0003 0.63
2 Ni-Ni 3.5 3.079 0.0077 0.005 0.0003

281-300 min A 0.003 103 5 820 154 ! N_I_O, >:5 2.061 0.0058 0.68 0.99 0.0040.0003 0.58
2 Ni-Ni 3.5 3.077 0.0070 0.004 0.0003

7.5-8.5 hrs NF A 0.003 103 5 976 184 ! N.I-O. 6.1 2.058 0.0056 0.45 0.93 0.004 0.0003 0.66
2 Ni-Ni 4 3.074 0.0063 0.004 0.0003
1 Ni-O 6.1 2.054 0.0056 0.002 0.0002

7.5-8.5 hrs NF B 0.001 103 5 303 57 2 N!-NI 3.7 3.065 0.0062 -0.34 0.93 0.002 0.0002 0.36
2 Ni-Al 1 3.065 0.0062 0.002 0.0002
2 Ni-Si 1.6 3.281 0.0062 0.002 0.0002
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Table 2.1 Continued.

Reaction  Fitting R- Chi  Red.Chi Shell AE *o *+AE
Sample Time Model factor Ny, N, Square Square  # Path CN R(A) o® (A% (ev) amp *R(A) (AY) (ev)
Run 3 6-15 min A 0.006 9.2 5 178 42 ! N_I_O_ 5.7 2,073 0.0055 1.67 0.93 0.006 0.0004 0.96

2 Ni-Ni 1.1 3.106 0.0068 0.014 0.0016
16-20 min A 0.005 94 5 171 39 ! N_I_O, 5.2 2,075 0.0043 2.15 0.93 0.0050.0003 0.86
2 Ni-Ni 2.4 3.098 0.0124 0.012 0.0014

21-30 min A 0.003 103 5 65 12 ! N,I-O, 5.9 2.066 0.0058 0.85 0.93 0.004 ~0.0002 0.60
2 Ni-Ni 2.2 3.080 0.0084 0.006 0.0006

31-40 min A 0.003 103 5 87 16 ! N,I-O, 58 2.063 0.0054 0.63 0.93 0.004 +0.0003 0.63
2 Ni-Ni 2.3 3.082 0.0071 0.005 0.0005

41-50 min A 0.002 103 5 86 16 ! N,I_O. 6 2.064 0.0060 0.61 0.93 0.003 ~0.0002 0.51
2 Ni-Ni 2.8 3.075 0.0079 0.004 0.0004

51-60 min A 0.003 103 5 116 22 ! N_I_O_ >-8 2.063 0.0054 0.68 0.93 0.004 0.0003 0.61
2 Ni-Ni 2.6 3.081 0.0071 0.005 0.0004

64-74 min A 0.002 103 5 164 31 ! N.I-O- 6 2.061 0.0060 0.35 0.93 0.003 0.0002 0.52
2 Ni-Ni 2.7 3.073 0.0068 0.004 0.0003
1 Ni-O 5.9 2.060 0.0058 0.003 0.0002

64-74 min B 0.001 103 5 113 21 2 N!_NI 2.4 3.072 0.0065 0.14 0.93 0.003 0.0003 0.42
2 Ni-Al 0.2 3.072 0.0065 0.003 0.0003
2 Ni-Si 0.7 3.278 0.0065 0.003 0.0003

60-70 min NF A 0.002 103 5 207 39 ! N,I-O, 6 2.059 0.0057 0.23 0.93 0.003 0.0002 0.56
2 Ni-Ni 3.2 3.072 0.0072 0.004 0.0003
1 Ni-O 5.9 2.056 0.0056 0.002 0.0002

60-70 min NF B 0.001 103 5 103 19 2 N!_NI 3.5 3.065 0.0079 -0.28 0.93 0.003 ~0.0002 0.39
2 Ni-Al 1.1 3.065 0.0079 0.003 0.0002
2 Ni-Si 1.1 3.271 0.0079 0.003 0.0002

4-10 min A 0.007 103 5 53 10 ! N_I_O_ 6.2 2.061 0.0061 0.07 0.93 0.006 0.0004 0.95
Run 4 2 Ni-Ni 0.5 3.085 0.0072 0.029 0.0032

4-10 min A 0.014 103 3 100 14 1 Ni-O 62 2.061 0.0062 0.03 0.93 0.007 0.0004 1.12

11-18 min A 0.004 103 5 76 14 ! N.I-O' 6 2057 0.0057 -0.36 0.93 0.004 +0.0003 0.71

2 Ni-Ni 1 3.081 0.0038 0.007 0.0007

61-70 min A 0.003 103 5 205 39 ! N,I_O, 6.1 2.066 0.0062 1.03 0.93 0.004 ~0.0002 0.57

2 Ni-Ni 2.8 3.078 0.0079 0.005 0.0004
161-180 min A 0.003 103 5 572 108 ! N,I-O, 6.1 2.060 0.0061 0.37 0.93 0.004 +0.0003 0.61

2 Ni-Ni 3.3 3.073 0.0069 0.004 0.0003

1 Ni-O 6 2.057 0.0059 0.003 0.0002
161-180 min B 0.001 103 5 272 51 2 N!_NI 3.1 3.0670.0069 -0.12 0.93 0.003 ~0.0002 0.41

2 Ni-Al 0.7 3.067 0.0069 0.003 0.0002

2 Ni-Si 1.2 3.284 0.0069 0.003 0.0002
51-60 min NF A 0.003 103 5 206 39 ! N-I-O- 6 2058 0.0058 0.32 0.93 0.004 0.0003 0.58

2 Ni-Ni 3.6 3.074 0.0065 0.004 0.0003

1 Ni-O 5.9 2.055 0.0056 0.002 0.0002
51-60 min NF B 0.001 103 5 79 15 2 N!_NI 3.4 3.066 0.0065 -0.29 0.93 0.0020.0002 0.35

2 Ni-Al 0.9 3.066 0.0065 0.002 0.0002

2 Ni-Si 1.3 3.282 0.0065 0.002 0.0002
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Table 2.1 Continued.

irc)2

Reaction  Fitting  R- Chi  Red. Chi Shell AE *AE
Sample Time Model factor N, N, Square Square # Path CN R(A) o> (RY) (eV) amp R (A) (A% (eV)
1 i- 8 2. 5 1 . 5
Run 5 4-15 min A 0.003 9.2 5 34 8 N,I O_ >-8 2.068 0.006 0.83 0.93 0.005 0.0003 0.75
2 Ni-Ni 1.5 3.088 0.0126 0.015 0.0019
1 Ni- .4 2.064 0. .004 O.
21-30 min A 0.002 93 5 57 13 ,IO, 6 064 0.0069 0.44 0.93 0.004 0.0003 0.59
2 Ni-Ni 2.4 3.076 0.0090 0.006 0.0006
31-40 min A 0.002 103 5 27 5 1 N,I_O. 6.4 2.063 0.0071 0.42 0.93 0.003 0.0002 0.48
2 Ni-Ni 2.4 3.071 0.0079 0.004 0.0004
41-50 min A 0.003 104 5 16 3 1 N_I_OA 6.1 2.059 0.0062 0.23 0.93 0.003 0.0002 0.56
2 Ni-Ni 2.1 3.071 0.0066 0.005 0.0004
51-60 min A 0.005 104 5 35 6 1 N_I_OA 6.2 2.064 0.0065 0.69 0.93 0.005 0.0003 0.80
2 Ni-Ni 2.7 3.084 0.0080 0.007 0.0006
160-180 min A 0.003 104 5 78 14 1 N.I-O. 6 2058 0.0058 0.06 0.93 0.004 0.0003 0.63
2 Ni-Ni 3 3.075 0.0068 0.005 0.0004
1 Ni-O 5.9 2.055 0.0056 0.002 0.0002
160-180 min B 0.001 104 5 30 6 2 N!_NI 2.8 3.070 0.0069 -0.39 0.93 0.003 ~0.0002 0.38
2 Ni-Al 0.6 3.070 0.0069 0.003 0.0002
2 Ni-Si 1.2 3.277 0.0069 0.003 0.0002
51-60 min NF A 0.003 104 5 72 13 1 N,I_O, 6.1 2.055 0.0059 -0.28 0.93 0.004 0.0003 0.66
2 Ni-Ni 3.1 3.072 0.0063 0.005 0.0003
1 Ni-O 6 2.051 0.0057 0.002 0.0001
2 i-Ni 2. . 5 .002 0. 2
5160minNF B 0001 104 5 19 4 Ni-Ni 2.9 3.066 0.0064 ) gg gy 0002 0.0002 45
2 Ni-Al 0.8 3.066 0.0064 0.002 0.0002
2 Ni-Si 1.4 3.272 0.0064 0.002 0.0002
A 0007 103 5 64 12 1 N'I-O. 5.7 2.045 0.0041 020 0.85 0.006 0.0005 1.03
2 Ni-Ni 6.6 3.091 0.0063 0.006 0.0003
(OH) standard 1 Ni-O 5.7 2.040 0.0041 0.004 0.0003
a-Ni(OH), o
B 0003 103 5 25 5 2 N! Ni 5.2 3.086 0.0057 076 0.85 0.004 0.0002 0.60
2 Ni-Al - - - - -
2 Ni-Si 2.2 3.293 0.0057 0.004 0.0002
A 0006 103 5 38 7 1 N-I-OA 5.5 2.055 0.0035 153 085 0.005 0.0003 0.88
2 Ni-Ni 2.2 3.061 0.0020 0.005 0.0003
e it
B 0004 103 5 26 5 LSS, : 134 085 : 0.79
2 Ni-Al 0.9 3.055 0.0028
2 Ni-Si - - - - -
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Figure 2.4  Picture of the Experimental Setup in the Hutch of Beamline X18B at the
NSLS.
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Figure 2.5 Picture of the Flow Cell in the Experimental Setup.
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Design for flow cell with end fittings for syringe filters
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Figure 2.6 A Schematic Diagram of the Flow Cell.
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Precipitate 2 hours

Precipitate 1 year

— Ni-Al LDH —— Ni-Al Phyllosilicate

2(k) k3

k (A

Figure 2.7 Normalized and weighted Ni K-edge EXAFS spectra, y(k)k3, for a reference
Ni—Al LDH and Ni—Al phyllosilicate and the Ni surface precipitate formed
on pyrophyllite at 2 h and 1 year. The characteristic oscillations between 8
and 9 A indicate partial transformation from a Ni—Al LDH to a Ni—Al
phyllosilicate. "Reprinted 2013 with permission from The Link between
Clay Mineral Weathering and the Stabilization of Ni Surface Precipitates
Author: Robert G. Ford, , Andreas C. Scheinost, Kirk G. Scheckel, and

Donald L. Sparks. Environmental Science &Technology. Copyright (1999)
American Chemical Society."
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Run 3 @ kappa 15 Run 3 @ kappa 30

0 2 4 6 8 10 12 14
k(A)

Figure 2.8 The WT plots from Run 3 at 64-74m flow. Two types of backscatterers, low
(e.g., Al) and high (e.g., Ni) seemingly contribute to the EXAFS spectrum
of Run 3 while 1 type of backscatter (e.g., Ni) composes the nickel
hydroxide spectrum. The R-space for these WT was 4.6 or 4.8-6.2 or 6.4 A.
The k range used was 3-11.3 A™! for both samples with a k weighting of 3.
The only difference between the WT processing parameters is kappa and
sigma, which were 15 and 1 for Run 3 and 30 and 1 for the nickel
hydroxide. However, when modifying Run 3 to kappa 30 only 1 type of
backscatter is found. This demonstrates the importance of using and
understanding the kappa and sigma parameters before making final
conclusions.
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Figure 2.9 A,B, & C. The approximate k ranges for all FT and WT are 2.5 to 12 A™',
with k weight of 3. The approximate R ranges for all WT are about 2.3 to
3.2 A. The Morelet WT parameters I]*c were set to equal approximately 2x
the second shell distance (6.14 and 1, respectively).
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run 25_nr65to70min nisial isotropic

run 25_nr65to70min ni only = data
— fit
— ata
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Figure 2.10 Shell fitting of Run 3 at 65-70 min NF. The first shells are similar in that
they are only oxygen, however, for the second shell, Ni (left) and Ni, Al,
and Si (right) are used. Visually there is a small enhancement of the fit
when Ni, Al, and Si are included. Statistically the fit with Ni, Al, and Si is
better (Table 2.3).
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Table 2.2 Fitting Results Using Different Structural Fitting Models

Run 3, NF 65-70 min

Reduced
Fit Chi chi bk (A% Shell
Model ® R-factor Ni,” N,,.° Square ® Square ° b AR(A)® # Path CN R (A) o’ (A%) AE (eV) €

1 0001 106 6 82 18 2511 1232 1 Ni-O 62 2.056(0.003) 0.006(0.0002) -0.294(0.417)
2 Ni-Ni 3 3.054(0.004) 0.007(0.0003) -0.294 (0.417)
2 Ni-Al 1.8 3.054(0.004) 0.007 (0.0003) -0.294 (0.417)
2 Ni-Si 2 3.305(0.016) 0.007 (0.0003) -0.294 (0.417)

2 0.003 10.6 5 248 45 2.5-11 1.2-32 1 Ni-O 6.2 2.059 (0.004) 0.006 (0.0002) 0.351(0.576)
2 Ni-Ni 3 3.075(0.005) 0.007(0.0004) 0.351(0.576)

3 0.0004 10.6 6 34 7.5 2.5-11 1.2-32 1 Ni-O 6.2 2.058(0.002) 0.006 (0.0001) 0.003 (0.2409)
2 Ni-Ni 55 3.085(0.002) 0.0102(0.0002) 0.003 (0.2409)
2 Ni-MS 32 3.484(0.011) 0.0102 (0.0002) 0.003 (0.2409)

4 0.003 10.6 5 235 42 2.5-11 1232 1 Ni-O 6.2 2.095 (0.004) 0.006 (0.0002) 0.259 (0.576)
2 Ni-Ni 4 3.072(0.005) 0.008(0.0004) 0.259 (0.576)
2 Ni-Al 0.8 3.072 (0.005) 0.008 (0.0004) 0.259 (0.576)

5 0.0003 10.6 6 100 22 2.5-11 1.2-3.2 1 Ni-O 6.2 2.058(0.003) 0.006 (0.0002) 0.046 (0.404)
2 Ni-Ni 3.5 3.080(0.003) 0.008 (0.0005) 0.046 (0.404)
2 Ni-Al 0.8 3.238(0.044) 0.008 (0.0005) 0.046 (0.404)

6 0.0009 10.6 6 76 17 2.5-11 1.2-32 1 Ni-O 6.2 2.056(0.002) 0.006 (0.0002) -0.267 (0.353)
2 Ni-Ni 4.3 3.079(0.005) 0.008 (0.0004) -0.267 (0.353)
2 Ni-Si 1.4 3.137(0.029) 0.008 (0.0004) -0.267 (0.353)

7 0.00079 10.6 5 64 115 2.5-11 1.2-32 1 Ni-O 6 2.091(0.002) 0.005 (0.0001) -0.357(0.291)
2 Ni-Ni 4 3.085(0.002) 0.009(0.0002) -0.357(0.291)
2 Ni-Al 1.8 3.085 (0.002) 0.009 ( 0.0002) -0.357(0.291)
2 Ni-Si 1.8 3.292 (0.002) 0.009 ( 0.0002) -0.357(0.291)

a- FitModel 1: Ni, Aland Siin second shell. Niand Al restricted to same distance. Ni, Al and Si sigma squared term constrai ned to asingle value
because each
path had overlapping values within their uncertainties.
- FitModel 2: Nionlyinthe second shell
- FitModel 3: Niand a Ni-multiple scattering path.Niand MS sigma squared terms constrained to a single value.
- FitModel 4: Niand Al inthe second shell. Niand Al restricted to same distance. Niand Al sigmasquared terms constrained to a single value.
- FitModel 5: Niand Al inthe second shell. Niand Al not restricted to same distance. Niand Al sigma squared terms constrained to a single value.
- FitModel 6: Niand Siinthe second shell. Niand Sisigmasquared term constrained to a single value.
- FitModel 7: Niand Al and Siinthe second shell, linked isostructurally (Kelly etal., 2008), and sharing deltaR, and SS values to decrease # of fitting
variables
b - The bestvalues from the two shell fit were fixed to examine the chi square values forafit of justthe second shell. The fitti ngrange and chi
square values
for afitofthe isolated second shell are shown initalics foreach Fit Type.
¢ -a single AEvalue was used forall fitting paths

Hanning windows were used for both Fourierand back-Fourier Transformations, with dk and dr values setto 1 and 0.3, respectively. All spectra
were analyzed withak weighting of 3. An amplitude reduction factorof 0.91 as determined from a nickel hydroxide standard was fixed for all fitting
paths.

50



REFERENCES

Aimoz, L., C. Taviot-Gueho, S.V. Churakov, M. Chukalina, R. Dahn, E. Curti, P. Bordet,
and M. Vespa. 2012. Anion and cation order in iodide-bearing Mg/Zn-Al layered
double hydroxides. Journal of Physical Chemistry C 116:5460-5475.

Bunker, G., and E.A. Stern. 1984. Experimental-study of multiple-scattering in X-ray-
absorption near-edge structure. Physical Review Letters 52:1990-1993.

Charlet, L., and A. Manceau. 1994. Evidence for the neoformation of clays upon sorption
of Co(II) and Ni(II) on silicates. Geochimica et Cosmochimica Acta 58:2577-
2582.

Delacaillerie, J.B.D., M. Kermarec, and O. Clause. 1995. Impregnation of gamma-
alumina with Ni(II) or Co(II) ions at neutral pH - hydrotalcite-type coprecipitate
formation and characterization. Journal of the American Chemical Society
117:11471-11481.

Elzinga, E.J. 2012. Formation of layered Fe(II)-Al(Ill)-hydroxides during reaction of
Fe(II) with aluminum oxide. Environmental Science & Technology 46:4894-
4901.

Farley, K.J., R.F. Carbonaro, C.J. Fanelli, R. Costanzo, K.J. Rader, and D.M. Di Toro.
2011. Ticket-UWM: A coupled kinetic, equilibrium, and transport screening
model for metals in lakes. Environmental Toxicology and Chemistry 30:1278-
1287.

Ford, R.G., A.C. Scheinost, K.G. Scheckel, and D.L. Sparks. 1999. The link between clay
mineral weathering and the stabilization of Ni surface precipitates. Environmental
Science & Technology 33:3140-3144.

Funke, H., M. Chukalina, and A.C. Scheinost. 2007. A new FEFF-based wavelet for
EXAFS data analysis. Journal of Synchrotron Radiation 14:426-432.

Ginder-Vogel, M., G. Landrot, J.S. Fischel, and D.L. Sparks. 2009. Quantification of
rapid environmental redox processes with quick-scanning x-ray absorption
spectroscopy (Q-XAS). Proceedings of the National Academy of Sciences of the
United States of America 106:16124-16128.

51



Hochella, M.F., Jr., S.K. Lower, P.A. Maurice, R.L. Penn, N. Sahai, D.L. Sparks, and
B.S. Twining. 2008. Nanominerals, mineral nanoparticles, and earth systems.
Science 319:1631-1635.

Kelly, S.D., D. Hesterberg, and B. Ravel. 2008. Analysis of soils and minerals using X-
ray absorption spectroscopy, /n A. L. Ulery and L. R. Drees, eds. Methods of Soil
Analysis. Part 5. Mineralogical Methods, Vol. 5. Soil Science Society of America,
Madison, WI

Khalid, S., W. Caliebe, P. Siddons, 1. So, B. Clay, T. Lenhard, J. Hanson, Q. Wang, A.l.
Frenkel, N. Marinkovic, N. Hould, M. Ginder-Vogel, G.L. Landrot, D.L. Sparks,
and A. Ganjoo. 2010. Quick extended X-ray absorption fine structure instrument
with millisecond time scale, optimized for in situ applications. Review of
Scientific Instruments 81:015105-7.

Landrot, G., M. Ginder-Vogel, and D.L. Sparks. 2010. Kinetics of chromium(III)
oxidation by manganese(I'V) oxides using quick scanning X-ray absorption fine

structure spectroscopy (Q-XAFS). Environmental Science & Technology 44:143-
149.

Li, W., K.J.T. Livi, W.Q. Xu, M.G. Siebecker, Y.J. Wang, B.L. Phillips, and D.L. Sparks.
2012. Formation of crystalline Zn-Al layered double hydroxide precipitates on
gamma-alumina: the role of mineral dissolution. Environmental Science &
Technology 46:11670-11677.

Livi, K.J.T., G.S. Senesi, A.C. Scheinost, and D.L. Sparks. 2009. Microscopic
examination of nanosized mixed Ni-Al hydroxide surface precipitates on
pyrophyllite. Environmental Science & Technology 43:1299-1304.

Manceau, A. 1990. Distribution of cations among the octahedra of phyllosilicates -
insight from EXAFS. Canadian Mineralogist 28:321-328.

Manceau, A., and G. Calas. 1986. Nickel bearing clay minerals: 2. intracrystalline
distribution of nickel - an X-ray absorption study. Clay Minerals 21:341-360.

Mellini, M., and C. Viti. 1994. Crystal-structure of lizardite-1t from Elba, Italy. American
Mineralogist 79:1194-1198.

O’day, P.A., J.J. Rehr, S.I. Zabinsky, and G.E. Brown. 1994. Extended X-ray absorption
fine structure (EXAFS) analysis of disorder and multiple-scattering in complex
crystalline solids. Journal of the American Chemical Society 116:2938-2949.

Pandya, K.I., W.E. O’Grady, D.A. Corrigan, J. McBreen, and R.W. Hoffman. 1990.
Extended x-ray absorption fine-structure investigations of nickel hydroxides.
Journal of Physical Chemistry 94:21-26.

52



Peltier, E., R. Allada, A. Navrotsky, and D.L. Sparks. 2006. Nickel solubility and
precipitation in soils: a thermodynamic study. Clays and Clay Minerals 54:153-
164.

Ravel, B., and M. Newville. 2005. Athena, Artemis, Hephaestus: data analysis for X-ray
absorption spectroscopy using IFEFFIT. Journal of Synchrotron Radiation
12:537-541.

Scheidegger, A.M., G.M. Lamble, and D.L. Sparks. 1996. Investigation of Ni sorption on
pyrophyllite: An XAFS study. Environmental Science & Technology 30:548-554.

Scheidegger, A.M., G.M. Lamble, and D.L. Sparks. 1997. Spectroscopic evidence for the
formation of mixed-cation hydroxide phases upon metal sorption on clays and
aluminum oxides. Journal of Colloid and Interface Science 186:118-128.

Scheidegger, A.M., D.G. Strawn, G.M. Lamble, and D.L. Sparks. 1998. The kinetics of
mixed Ni-Al hydroxide formation on clay and aluminum oxide minerals: a time-
resolved XAFS study. Geochimica et Cosmochimica Acta 62:2233-2245.

Scheidegger, A.M., E. Wieland, A.C. Scheinost, R. Dahn, and P. Spieler. 2000.
Spectroscopic evidence for the formation of layered Ni-Al double hydroxides in
cement. Environmental Science & Technology 34:4545-4548.

Scheinost, A.C., and D.L. Sparks. 2000. Formation of layered single- and double-metal
hydroxide precipitates at the mineral/water interface: a multiple-scattering XAFS
analysis. Journal of Colloid and Interface Science 223:167-178.

Sparks, D.L. 2002. Environmental Soil Chemistry. 2nd. ed. Academic Press, San Diego.

Thompson, H.A., G.A. Parks, and G.E. Brown. 1999. Dynamic interactions of
dissolution, surface adsorption, and precipitation in an aging cobalt(Il)-clay-water
system. Geochimica et Cosmochimica Acta 63:1767-1779.

Towle, S.N., J.R. Bargar, G.E. Brown, and G.A. Parks. 1997. Surface precipitation of
Co(II)@aqyon Al,O3. Journal of Colloid and Interface Science 187:62-82.

Trainor, T.P., G.E. Brown, and G.A. Parks. 2000. Adsorption and precipitation of
aqueous Zn(II) on alumina powders. Journal of Colloid and Interface Science
231:359-372.

Webb, S.M. 2005. SIXpack: a graphical user interface for XAS analysis using IFEFFIT.
Physica Scripta T115:1011-1014.

53



Yamaguchi, N.U., A.C. Scheinost, and D.L. Sparks. 2002. Influence of gibbsite surface
area and citrate on Ni sorption mechanisms at pH 7.5. Clays and Clay Minerals
50:784-790.

Zabinsky, S.I., J.J. Rehr, A. Ankudinov, R.C. Albers, and M.J. Eller. 1995. Multiple-
scattering calculations of X-ray-absorption spectra. Physical Review B 52:2995-
30009.

Zelmy, A.R., D.C. Girvin, and E.A. Jenne. 1984. MINTEQ. A computer program for

calculating aqueous geochemical equilibrium NTIS PB 84-157148. (EPA-600/3-
84-032). Nat. Tech. Inf. Ser., Springfield, VA.

54



Chapter 3

MOLECULAR STABILITY OF NICKEL-ALUMINUM LAYERED DOUBLE
HYDROXIDES (Ni-Al LDHs): THE EFFECT OF METAL CATION RATIO IN
THE HYDROXIDE SHEET

Introduction

LDHs in Soils: Geogenic and Anthropogenic Sources

The first naturally occurring (geogenic) LDH was discovered in 1842 and is
hydrotalcite, which is a magnesium-aluminum LDH with carbonate anions in the
interlayer (Rives, 2001). Another naturally occurring interstratified chrysotile-
hydrotalcite is described by Drits et al. (1995). It consists of alternating serpentine-like
layers and hydrotalcite with sulfate and chlorine anions in the interlayer. It was found in
serpentinized peridotites. Non-geogenic (i.e., anthropogenically caused) LDHs have
been found in zinc and nickel contaminated soils. Zinc and nickel LDHs are
environmentally important in contaminated soils and sediments because they reduce
metal (M) mobility by removing M2+(aq) from the soil solution and into newly formed
metal-rich solid phases. This process immobilizes the metal and prevents further
transport (McNear et al., 2007; Nachtegaal et al., 2005; Sparks, 2003).

In the nickel refining process (e.g., smelting), particulates containing nickel are
released into the air which later drift and fall to the ground (Hoflich et al., 2000). The

chemical forms (species) of nickel emitted during this process are NiO and nickel metal
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particles. McNear et al. (2007) carried out studies on soils contaminated by a nickel
refinery. Over time, Ni*" dissolves and reacts with aluminum rich minerals present in
soils to form Ni-Al LDHs. The nickel contaminated soils treated with in situ stabilization
(i.e., raising the pH of the soil) formed more LDH and phyllosilicate-type minerals than
in unlimed, lower pH soils. This could have been caused by an increase in Si solubility at
higher pH. Aqueous modeling of Ni-Al LDHs based on empirical thermodynamic data
showed that at pH > 6.5 the formation of Ni-Al LDH phases are favorable over Ni(OH),
phases in soils containing soluble aluminum (Peltier et al., 2006). The pH range for
formation of Ni-Al LDHs in the laboratory is pH 5-10 (deRoy et al., 1992). It should
therefore be possible that LDHs form at lower pH values in soils than observed. Perhaps
LDHs are not observed at lower pH in soils (e.g., 5-6.5) because of inhibition from
organic acids or humic substances. It has been shown that organic acids and humic
substances inhibit the formation of LDH on aluminum-rich minerals (Nachtegaal et al.,
2005; Yamaguchi et al., 2002). The interlayer anion and the metal ratio in the octahedral
layers also play roles in LDH stability. In nature, carbonate is the most common anion
in the interlayer (Rives, 2001). The formation of LDHs in soils is affected by pH, soil
mineral type, and reaction time.

Ni-Al LDHs form on aluminum rich clay minerals like gibbsite, pyrophyllite,
kaolinite and montmorillonite. They do not form on aluminum deficient minerals.
Instead, alpha-type nickel hydroxides [a-Ni(OH),] or nickel phyllosilicates form on
aluminum deficient clay minerals (Scheinost and Sparks 2000). Aluminum availability

and solubility has been shown to be the dominant factor in the formation of LDHs on clay
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minerals, with more soluble aluminum rich minerals forming Zn/Al-LDH faster than less
soluble ones (Li et al., 2012). In soils, much of the LDH research has focused on Fe*',
Ni**, Zn*", and Co*" (Elzinga, 2012; O'Day et al., 1994; Roberts et al., 2002; Scheidegger

et al., 1996a).

LDHs in the Laboratory

Although LDHs occur in soils and sediments both geogenically and
anthropogenically, LDHs synthesized in the laboratory are a major research area. LDHs
have a variety of applications including catalysts, adsorbents, anion scavengers, anion
exchangers, polymer stabilizers, and “nanoreactors”, e.g., the interlayer space provides a
constrained region to perform chemical reactions (Rives, 2001). Many of these research
areas focus on LDHs because of the unique characteristic that they are positively charged,
which is opposite from most other clays which are negatively charged.

The general formula for a LDH is (deRoy et al., 2001; Reichle, 1986):
M." "My (OH)2a126(X )2 cH20 1

where M** (also written as MH) can be Mg, Mn, Fe, Ni, Co, Zn or Cu and M (also
written as M'") can be Al, Cr, Fe, Mn, Ga or Sc. The M"/M"! ratio can be between 1-to-
5. Anions present in the interlayer are represented by X'. The subscripts a and b
represent the quantity of metal cation in the hydroxide unit cell. Finally, c is structural
water and equals 0-6. Ionic radius is the major limiting factor for metals that can be

incorporated into the octahedral layers, with M" ranging from 0.65-0.80 A and M""
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ranging from 0.62-0.69 A, with the exception of aluminum (0.50 A). Octahedra are
strongly flattened along the stacking direction, which changes the symmetry from Oy, to
D3d. Larger metal ionic radii yield more flattened octahedra and increased distance
between metals (deRoy et al., 2001), e.g., LDHs with magnesium and aluminum have
flatter octahedra and larger M"-M"" distance than LDHs with nickel and aluminum.

In LDHs, a trivalent metal (M", e.g., AI’") substitutes for a divalent metal (M",
e.g., Mg”") in the hydroxide sheet, which results in a net positive charge (Figure 3.1).
The positive charge is balanced by anions that sorb to the M"/M™ hydroxide sheets
and/or move into the interlayer space between the sheets. The hydroxide sheet can be
thought of as a solid solution of two metals. The LDH structure is based on metal
octahedral units [(M)(OH)s] sharing edges to build M(OH), brucite-like layers. Multiple
layers of hydroxide sheets stack upon each other. The positive charge of the LDH is
proportional to the value of x, where x= M"/(M"+M™"™). The typical value of x is 0.2 to
0.4. This range, however, can extend from approximately 0.14 to 0.5 (deRoy et al.,
2001). The upper limit of x is caused by electrostatic repulsion between neighboring
trivalent metals. This repulsion is unavoidable if x > 0.333. At high degrees of
substitution (x>0.333) there is also increased repulsion between the interlayer anions.
According to the reported stability of Ni-Al LDH, pure LDH compounds are only
achievable with 23-33% aluminum substitution. Above 33%, “islands” of AI(OH); can
form and below 23%, Ni*" can form Ni(OH), precipitates (Brindley, 1980).

The lower limit of what constitutes a LDH is somewhat controversial. With less

M substitution, a smaller positive charge results. This causes fewer anions to be in the
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interlayer. With too few anions in the interlayer, the space may expand and break down
(deRoy et al., 2001). However, because single metal alpha-type hydroxides share a
similar structure to LDHs (Figure 3.1), it is difficult to distinguish exactly when the
interlayer structure breaks down. The precipitate can also contain impurity phases such
as areas of single metal hydroxides or basic salts of the divalent/trivalent metal (deRoy et
al., 2001). For example, nitrate (NOj3") anions from the soluble salt nickel nitrate can
form covalent bonds as nitrato groups to the hydroxide layer (Delacaillerie et al., 1995).

Metal cation location and the M'/M™

ratio are the focus of numerous studies;
however, determining metal cation location in LDHs is difficult because of the low
degree of crystallinity typically achieved during LDH syntheses. In the hydroxide layers,
trivalent cations should avoid each other as nearest neighbors, so as to minimize
electrostatic repulsion. In this manner a well ordered cation distribution should result.
However, this high degree of order is often not observed via X-ray diffraction (Costa et
al., 2010).

Synthetic Ni-Al LDHs can be made in the laboratory using two methods. They
can be synthesized under induced/controlled hydrolysis conditions or co-precipitation
(Reichle, 1986; Taylor, 1984). The induced hydrolysis method most likely imitates the
reaction in soils. In this reaction, a fully hydrolyzed AI*" cation [i.e., precipitated
Al(OH);] is added to a solution of Ni*" at the same pH, e.g., pH 6.9. The pH of the
mixed metal slurry is maintained just below that at which Ni?* hydroxide [Ni(OH);]

would precipitate (pH=6.9). The pH is maintained by, for example, adding sodium

carbonate with a pH stat. As Ni*" sorbs to the AI(OH); surface, the Ni** hydrolyzes and
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precipitates as a double-cation hydroxide (Taylor, 1984). Because of charge surplus, the
hydroxide layer is positively charged. These steps are analogous to aluminum oxides or
aluminum-rich clays in soil being exposed to Ni*" in the soil solution, where Ni**
hydrolyzes on aluminum-rich minerals in the soil to form Ni-Al LDHs. This reaction
mechanism however does not describe how A’ moves from the AI(OH); phase into the
LDH phase.

In co-precipitation methods, the initial M"/M™" ratio in solution should be retained
in the LDH solid phase (deRoy et al., 2001). However, this is not the case for LHDs
synthesized via the induced hydrolysis method, where the researcher controls when to
terminate the synthesis reaction. If the reaction is stopped too soon the transformation
from AI(OH); to Ni-Al LDH may not be complete. The excess of M" or M has not
been studied under induced hydrolysis conditions. Excess M"" can result in the formation
of M(OH),, while too little M" can result in unreacted M(OH);. Unreacted M(OH); can
crystalize into other more stable forms, e.g., bayerite for AI’* (deRoy et al., 2001).

Empirical thermodynamic data by Peltier et al. (2006) found that the most
thermodynamically favorable x value is approximately 0.28. This value may be correct

when neither M nor M™

are limiting factors as reactants but may not be reasonable if
one reagent is limiting. For example, with excess Ni2+(aq), sorption/precipitation of NiZ*
would lead to low x values and possibly Ni(OH), phases mixed into the LDH. It was
found that LDHs synthesized via induced hydrolysis (Taylor, 1984) tend to form with x

values in the range of 0.13-0.15 when the reaction is carried out to completion

(Centofanti et al., 2012). With such low values of x, the nickel content of the LDH is
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very high, and perhaps a mixture of a-Ni(OH), phases along with LDH are present. This
low value of x indicates that when the reaction is carried to completion, the most stable
product has a lower x value than predicted.

Apart from the metals present in the hydroxide sheet, the interlayer anions also
affect LDH stability. It has been shown that the type of interlayer anion between the two
hydroxide sheets greatly contributes to the stability of the LDH. In order of increasing
stability, nitrate < sulfate < carbonate < silicate, where silicate has a more negative Gibbs
free energy of formation than nitrate (Peltier et al., 2006). In the LDH structure, the
interlayer can be occupied by water molecules, anions, or be vacant. Specific orientation
of interlayer molecules can be thermodynamically favorable due to the attraction between
opposing charges and enhancement of hydrogen bonding. The identity and orientation of
the intercalated anion affect the hydroxide stacking sequence and mineral thermodynamic

properties (Costa et al., 2010; Peltier et al., 20006).

LDH Precipitation Mechanisms in Soils

Layered double hydroxides that form in soils and sediments, or “environmental
LDHs”, form differently than LDHs synthesized by co-precipitation in the laboratory
because the co-precipitation method is carried out in a batch reaction, where the final
product is always limited by concentrations of the reactants. However, in the
environment, there may be a long-term and large source of nickel slowly dissolving from
nickel rich particles, e.g. nickel particles emitted from a nickel refinery. Even though

environmental LDHs form differently, they are composed of material from both the
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aqueous solution and the solid. Therefore they are still referred to in general as co-
precipitates in soils (Sparks, 2002). Sparks (2002) and references therein outline how
surface precipitation of LDHs occur in soils.

First, the solid surface (i.., the adsorbent containing M) lowers the energy of
nucleation necessary for the cation (M") by providing sterically similar sites for sorption
(McBride, 1991). Second, the activity of the surface precipitate is less than one (Sposito,
1986). And third, because the dielectric constant of the solution near the surface is less
than that of the bulk solution, the solubility of the surface precipitate also decreases
(O'Day et al., 1994).

Yamaguchi et al. (2001) also elaborate on co-precipitation of Ni-Al LDHs in
soils. They explain that first, nickel sorbs to an Al-rich surface, causing local super-
saturation of nickel at the mineral — water interface, i.e., on the surface nickel is at a
concentration above which Ni(OH), precipitates. Second, the sorbent acts as a nucleation
center to catalyze the precipitation process (McBride, 1994). Third, adsorbed water
molecules cause a lower solubility of Ni(OH); at the mineral water interface, causing
Ni(OH); to precipitate (Sposito, 1989). Lastly, over time, aluminum dissolves from the
sorbent and diffuses into the octahedral layer of Ni(OH);, replacing nickel in some of the
octahedral sites. As this procedure continues, a Ni-Al LDH, which is thermodynamically
favored over Ni(OH),, is formed (Sparks, 2002). Another hypothesis for the formation of
Ni-Al LDH is that as Ni** sorbs to the aluminum surface, aluminum dissolves from the
surface and re-sorbs adjacent to the Ni*" atom. In this fashion, the double metal

octahedral layer grows.
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These proposed mechanisms lead to a series of more fundamental questions:
Why would aluminum replace nickel in nickel hydroxide? Why are LDHs
thermodynamically favored over Ni(OH),? Does sorbed Ni*" induce dissolution of
aluminum or silicon from the sorbent surface? How do we determine if aluminum
replaces nickel in surface precipitated Ni(OH); or if dissolved aluminum resorbs adjacent
to Ni*" already on the surface? What is the extent of nickel and aluminum intraparticle
diffusion into the adsorbent or Ni(OH),, respectively? In the controlled hydrolysis
method of LDH synthesis, what causes the rearrangement of atoms from amorphous
AI(OH); into the layered structure? As aluminum dissolves, consequently creating
vacancy sites in the aluminum adsorbent, does/can Ni*" replace the dissolved aluminum?
How do variations in the Ni-Al ratio affect LDH stability? What effects on mineral
stability do the d-orbitals electrons of nickel a-Ni(OH), versus Ni-Al LDH have?
Although the hydrolysis and precipitation mechanisms outlined by Taylor (1984) and
Sparks (2002) are generally accepted, there are limited data to answer these fundamental

questions.

MOT Hpypothesis for Ni-Al LDH Stability

To answer some of those fundamental questions, it would be helpful to discuss the
molecular orbital theory (MOT) of phyllosilicates and hydroxides to better comprehend
LDH formation and stability. The Ni-Al LDH structure is composed of sheets of
octahedra with either nickel or aluminum as the central atom (Figure 3.1). The electron

configuration of AI*" is [Ne]3s” 2s” 2p°, while the electron configuration of Ni*" is
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[Ar]’d®. AP’ has no electrons in its d-orbitals while Ni*" has eight electrons in its d-
orbitals. Because both atoms have octahedral coordination geometry but Al** has no
electrons in its d-orbitals, AI’" has no d-orbital splitting while the d-orbitals in Ni*" are
split into the ty, — €, energy levels. The split in the d-orbital energies (the ligand field
splitting parameter) causes electrons to first fill the lower t,, energy level and then the e,
energy level. For metals with weak-field ligands, like OH’, the energy gap between the
tag and eg energy levels is smaller than for metals with strong field ligands. Nonetheless,
this energy gap exists for the d-orbitals in Ni*". Because of this energy gap and
preferential filling of the t,, orbitals, more electrons in Ni*" are in the d,, dy, and dyy
orbitals. Therefore, more electron density will occur along these axes than in the d,, or
dxo-y2 orbitals.

In the hydroxide sheet of single (e.g., nickel) and double (e.g., nickel and
aluminum) metal hydroxides, the octahedra are edge-sharing, i.e., the octahedra share
both apex and equatorial O atoms. Because the d, dy, and d,, orbitals of the central
nickel and aluminum atoms are all between the vertices, these orbitals from diagonally
neighboring octahedra may cause an overlapping of electron density and therefore
increased electron densities between the octahedra. The overlap and increased electron
density also increases repulsion between octahedra and mineral instability. This would
be the case for nickel, which preferentially fills the d,, dy, and dyy orbitals.

If there were atoms with unoccupied d-orbitals (e.g., Al present in the lattice of
a Ni(OH), octahedral sheet (i.e., yielding a Ni-Al LDH), then the aluminum atoms would

effectively give more space for the d,, dy, and dy, orbital electrons of the nickel atoms
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and decrease the electron repulsion between neighboring octahedra. The decrease in
electron repulsion between octahedra would reduce the energy necessary to stabilize the
mineral, i.e., the overall stabilization energy of the mineral would be lower.

We hypothesize that increasing the aluminum content of layered a-Ni(OH),
would increase the mineral’s stability because aluminum is lacking electrons in its d-
orbitals while nickel has the d® electron configuration. We propose, based on these
molecular orbital theory arguments, that if aluminum substitutes for nickel, the d-orbital
electrons from nickel could enter the adjacent and empty d-orbitals of aluminum
octahedra in the hydroxide layer. This could be one reason why the Ni-Al LDH is
thermodynamically favored over a-Ni(OH),. However, as aluminum substitution
increases to x >0.333 the electrostatic repulsion of neighboring trivalent AI’* would also

disrupt mineral stability (deRoy et al., 2001).

Motivation and Objectives

Although it is known that Ni-Al LDHs form in contaminated soils, it is not
understood how they form or why they are more stable than single metal hydroxides.
The reason why LDH formation is not understood is because of the difficulty in obtaining
thermodynamic and structural information during their formation/precipitation.
Thermodynamic and structural information are necessary to understand why LDHs are
more stable than pure metal hydroxide precipitates. LDH precipitates in soils and on clay
sorbents have been analyzed by a variety of techniques including X-ray Absorption

Spectroscopy, Fourier Transformed Infrared Spectroscopy, Transmission Electron
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Microscopy, calorimetry, diffuse reflectance spectroscopy and other techniques (Allada
et al., 2002; Livi et al., 2009; Peltier et al., 2006; Scheinost et al., 1999). Additionally,
synchrotron-based tools have demonstrated that LDHs are significant chemical species in
zinc and nickel contaminated soils (McNear et al., 2007; Nachtegaal et al., 2005).

However, these tools have not explained why they form. For example, Quick-
scanning Extended X-ray Absorption Fine Structure Spectroscopy (Q-XAS) can be used
to obtain real time structural changes during LDH/metal precipitation reactions (see
Chapter 1). However, this information is still limited in that it is observational. The
researcher observes what is happening in real time but does not know why it happens.
Additionally, EXAFS data analysis of mixed metal (heterogeneous) samples is
complicated by overlapping backscattering photoelectric waves (see discussion in
Chapter 1). To understand why LDHs form in soils, or even in synthetic laboratory
reactions, one must obtain thermodynamic and structural information during the
precipitation process at the atomic scale. Molecular modeling of LDH structures may be
a tool to obtain thermodynamic and structural data at the atomic scale to understand why
LDHs are more stable than single metal hydroxides. Good agreement between calculated
and experimental values of enthalpies of formation for LHD systems was found by Costa
et al. (2010) and (2011).

Energy minimized structures will provide complementary data to those obtained
via EXAFS and calorimetry by providing theoretical inter-atomic distances and
thermodynamic data, respectively. Using molecular modeling we will imitate the

increase in aluminum substitution into the nickel hydroxide sheet that is hypothesized to
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be the LDH formation mechanism. The results will help understand if heavily substituted
aluminum for nickel is more stable than slightly substituted aluminum for nickel.
Additionally, the most stable Ni/Al metal ratio in LDHs can be determined.

The objectives of this study are to 1) to calculate energy minimized structures of
Ni-Al LDH with various Ni-Al ratios to determine if changing the aluminum content in
the LDH structure increases or decreases the mineral’s stability; 2) use the ab initio
software IFEFFIT (Newville, 2001) to generate theoretical EXAFS spectra of energy
minimized LDH compounds to compare them to empirical data and lastly, 3) employ Pair
Distribution Function analysis on several LDH samples to better understand the long-
range atomic ordering of metals. PDF analysis has been used to study the nano-
crystallinity of various soil minerals (Michel et al., 2007), but has only recently been
applied to LDHs to study their long range order (Aimoz et al., 2012). Lastly, it would be
helpful to see what the electron densities look like between octahedra. The overall goal is

to understand why Ni-Al LDHs form in soils versus the a-Ni(OH), phases.

Methodology and Preliminary Results

Reactant Unit Cells

To carry out molecular modeling calculations, it is important to base the
calculations off of a stoichiometrically balanced chemical reaction. This is not a
mechanistic reaction but is necessary in order to calculate the energy of each of the
reactants separately from the product. By knowing the energy of each reactant, that

reactant can be added or subtracted from the product’s energy multiple times in order to
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compare products (e.g., LDH structures) with different numbers and types of atoms. For

our system we have written the following chemical reaction to represent the Ni-Al LDH:
6Ni*" (o) + 2A1 ) + 160H + HCO;3” () + 12H,0 = NigAl,(OH),s.HCO;.12H,0y 2

In this equation, all the elements and molecules represented in our systems are present.
For all the reactants and products, it is important to create their molecular structures to be
environmentally correct, i.e., they should be designed to be how they occur in nature. For
example, at pH 7.5, aluminum is tetrahedrally coordinated, so the aqueous model reactant
should also be tetrahedrally coordinated. Also at this pH, dissolved carbon dioxide
should be bicarbonate and not carbonate or carbonic acid.

The reactants created for the chemical reaction include: OH', Ni* ), AI(OH),",
and HCO;™ (Figures 3.2-3.5). The reactants were designed and hydrated in a 10x10x10 A
unit cell box was used using HyperChem. The unit cells were then submitted to
molecular dynamics (MD) simulations in Materials Studio using the module Forcite, with
the Universal force field (UFF; Rappe et al., 1992). The temperature for MD simulations
was set to 298K. A time step of 1 fs was used for several steps. After the MD
simulations of each reactant, the models were energy minimized using UFF. This was
done to ensure reasonable atomic coordinates (e.g., geometry optimized using MD)
before performing more intensive density functional theory (DFT) calculations.

Energy-minimized structures were then used as starting points for density
functional theory (DFT) energy minimization calculations in the Vienna Ab Initio

Simulation Package (VASP; Kresse and Furthmuller, 1996). VASP is a program for
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performing quantum-mechanical calculations projector-augmented waves and a plane

wave basis set (Kresse et al., 2011).

Product Unit Cells

In this study, calculations were carried out on Ni-Al LDHs with varying Ni-Al
ratios to examine the mineral stability during various amounts aluminum for nickel
substitution. Several systems were tested, ranging from 0% to 50% aluminum
substitution. The starting structure was the naturally-occurring hydrotalcite mineral,
Mg/Al-LDH-carbonate, with Mg substituted for Ni. The unit cell was large enough to
allow for the desired amount of aluminum substitution to be achieved. The unit cells
included three layers of mixed metal hydroxides with an anionic interlayer. Typically
carbonate or silicate is the environmentally important interlayer anion. It has been shown
that a silicate anion interlayer is more stable than carbonate (Peltier et al., 2006);
however, this substitution takes time to occur and initial precipitates in soils most likely
have carbonate in the interlayer. Additionally, carbonate is the most common interlayer
anion found in the environment (Rives, 2001). Therefore, a carbonate interlayer will be
used in this study.

The energies of the stoichiometrically-balanced chemical reaction discussed
above (Equation 2) were calculated using VASP. These types of calculations are
comparable to each other but do not yield absolute Gibbs free energies. Instead, potential
energies can be compared to each other to determine the most stable atomic

configurations of the components used not including entropic effects. The density of the
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reactant unit cells, e.g., the density of nickel atoms and water molecules in the unit cell,
should be close to 1. The density of the LDH product can be obtained by performing a
MD simulation for geometry optimization in Materials Studio.

Five LDH products were designed to test Ni-Al LDH stability at various Ni/Al
ratios (see Figures 3.6 and 3.7 for examples). The products are model compounds
ranging from pure nickel systems to pure aluminum systems. Because LDHs form on
aluminum-rich minerals, one of the products is be nickel-free, e.g. gibbsite. The gibbsite
model is the 100% aluminum end member for these calculations for comparison basis.
Other products to be studied will vary in x, where x = Al/(Ni+Al) in the hydroxide sheet.
In the first system, x=0, and its results will represent the minimization energy for a pure
Ni(OH), system. The second, third, fourth, and fifth systems will vary as such: x=0.14,
0.33, 0.5, and 1, respectively. These values have been chosen to represent the low,
middle (ideal) and high end x values where the LDH structure is stable. In the ideal LDH
formula, x=0.33, and no aluminum atoms have aluminum as second neighbors. The
highest aluminum substitution ratio of x=0.5 is hypothesized to be the upper limit of
LDH stability, and will provide good comparison to lower x values and some insight into
the stability of LDHs with high aluminum substitution. In total, 36 atoms in the unit cell
and 12 atoms per hydroxide layer were used.

In system 1, x=0. This system is Ni(OH); (i.e., a pure alpha nickel hydroxide) in
the hydrotalcite unit cell parameters. From the hydrotalcite crystallographic information
file (CIF) (Allmann, 1970), which was downloaded from the American Mineralogist

Crystal Structure Database (Downs and Hall-Wallace, 2003), it was found that the OH

70



bond distance was 0.85 A, which is fundamentally wrong for OH bond distances. This
may have been a problem with the input CIF file. The DFT calculation in VASP changed
the OH bond distance to 0.97 A during the calculation, which is an acceptable distance.
The Ni-O distance shrank from 2.026 A to 1.979 A during the VASP calculation;
however, the crystal structure was maintained with some disorder. The water molecules
in the interlayer moved around slightly. The cell volume was constrained so there was no
drastic reorientation or loss of structure. We attempted to keep magnetic ordering for all
five systems similar to the Ni(OH), system, except for the aluminum atoms substituted
into the structure. It must be determined if aluminum has a net spin to consider for the
calculation. To determine this, further literature review is needed. This system finished
the VASP calculation successfully and was the only one to do so of the five systems.

System 2 had a Ni:Al ratio of 1/6, where 2 aluminum atoms and 10 nickel atoms
per the 12 atom hydroxide sheet were used. The 1/6 = 0.167 ratio is this close to the
desired 0.14. There were problems with the magnetic ordering of the nickel atoms, so this
job could not complete in VASP.

In systems 3 and 4, there were 12 aluminum atoms and 24 nickel and 18 Al and
18 Ni atoms, respectively. This equates to 4 aluminum atoms and 8 nickel atoms per 12
atoms per sheet; x=1/3 and 6 Al and 6 Ni atoms per sheet for x = 1/2, respectively. At
four aluminum atoms per sheet, it is necessary to place two carbonate molecules per sheet
to balance the charge, or six carbonate molecules per unit cell. For system 4, three

carbonate molecules per sheet were necessary. The interlayer anions were energy
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minimized with a force field calculation in Materials Studio prior to DFT calculations in
VASP.

In System 5, all atoms were aluminum atoms; 12 aluminum atoms per sheet and 6
carbonate ions per sheet were used. Systems 3-5 were not submitted for VASP
calculations because of problems obtaining stable electron density in System 2. Problems

with System 2 should be worked out before continuing with the other systems.

Discussion

Cation Ordering and Unit Cell Dimensions

It has been determined that in a LDH with a magnesium to aluminum ratio of 3-
to-1, the aluminum atoms are ordered in a honeycomb arrangement, keeping the
aluminum atoms separate. Additionally, structures are fully ordered for Mg:Al ratios of
2:1 and at lower aluminum content a non-random distribution of cations persists, with no
AP*-AP*" in close contacts (Sideris et al., 2008). However, newer data (Cadars et al.,
2011) suggest that there are occurrences of cation clustering. In general, though, the
global structure of the LDH is maintained. For our calculations, it would be ideal to try
to maintain the aluminum atoms apart from each other as much as possible, i.e.,
maintaining the honeycomb ordering and no close contact for aluminum cations seems
most appropriate. However, it may be a good idea to test a system where there are
clustering of like cations.

Lastly, each model with a different unit cell composition will have slightly

different unit cell dimensions caused by differences in the ionic radii of nickel and
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aluminum atoms. The dimensions for specific unit cell measurements can be predicted
for our systems using Almansa et al. (2008), Carteret et al. (2011), Kovanda et al. (2009),

and Rives and Kannan, (2000).

Interlayer Composition

A method for preparing LDH structures for MD is presented in Newman et al.
(2001), but doesn’t specify how to determine the number of water molecules to place in
the interlayer region (pg. 97). They suggest using Dreiding force-field for Mg-Al LDH
COs3, and determined carbonate and water molecules are generally midway between and
coplanar to the hydroxide layers. However, it is necessary to determine how much water
to put into the interlayer. Perhaps this can be done by looking at the molecular formulas
of several LDH structures in the literature (e.g., Allada et al., 2002; Peltier et al., 2006),
where the interlayer water content is calculated via thermogravimetric analysis. These
values however are determined from dry mineral samples and may not be realistic values
for hydrated LDHs in environmental conditions. The interlayer water amount and
distribution still needs a clarification.

Additionally, one important consideration is nitrato groups or other basic salts that
are covalently bonded to the hydroxide surface. It is very common for nitrato groups to
bond to the hydroxide sheet of nickel hydroxides during preparation (Delacaillerie et al.,
1995; Scheinost and Sparks, 2000). As it is common for hydroxides, it is reasonable to
assume it is also common for LDHs, and in fact this occurrence is mentioned by deRoy et

al. (2001). In the environment, it seems reasonable that a pure single metal hydroxide
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phases with no covalently bonded anions would be uncommon. There would normally be
some anions covalently bonded to the hydroxide sheet, whether they are carbonate or
nitrato groups. It’s important to make the molecules environmentally accurate to

represent what one observes in natural systems.

Magnetic Properties

When writing the input files for VASP, it is important to consider, understand and
label the magnetic ordering (magnetic state) and spin states of the unpaired valence
electrons of the nickel atoms and of any other atoms with d-orbital electrons involved in
the calculation, i.e., the magnetic ordering of nickel atoms in the LDH structure unit cell.
The difficult part is to figure out the spin order of the 36 nickel atoms in the unit cell
(e.g., 36 being the number of nickel atoms in system 1). To label the magnetic moment
ordering, one must know the spin state of the atoms. Nickel is in +2 oxidation state with
d® electronic configuration; it has 2 unpaired d-orbital electrons. The spins need to
alternate to be either +2 or -2. In both Ni-Al LDHs and nickel hydroxide, nickel is in the
high-spin state and has octahedral structure. In order to determine spin order, one needs
to research literature that discuss the magnetic spin ordering of nickel atoms in nickel
hydroxides, oxides or LDHs. Literature on the spin ordering of Fe in Fe-oxides may also
be relevant information to consider; however, Coronado et al. (2008) determined it is
important to consider only magnetic ordering of LDH models that do not include iron
because or other transition metals can promote spin frustration. The goal is to identify

the magnetic ordering of nickel atoms at low temperature, generally SK. The magnetic
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ordering of the atoms must be acceptable or the structures are not stable during the VASP
calculations and will not represent their natural environmental states.

To label the magnetic moments of each atom in VASP, view the molecular
structure (as seen in Materials Studio or other visualization software) and identify the
atomic coordinates (e.g., Xyz positions) of the specific atoms that need to be labeled with
magnetic moments, e.g., all the nickel atoms. Then, with pen and paper, note positive or
negative spins on each nickel atom, e.g., for each of the 36 nickel atoms in the Ni(OH);
structure unit cell. The magnetic moment labels are the most important and time
consuming part of setting up the calculation — i.e., setting the values of each atom to
positive or negative.

In labeling the magnetic moments of nickel in our LDH, we employed a
ferromagnetic setup with alternating positive and negative columns for nickel atoms in
the unit cell. Aluminum atoms that replaced nickel were designated to have zero spin or
made to have spins that cancel out. In the Ni-Al LDH end-member that consisted of
100% nickel atoms (i.e., a pure nickel hydroxide), the magnetic ordering was
hypothesized to alternate up and down — trying to minimize adjacent like spins. This
worked well as the VASP calculation for this end member (System 1) successfully
converged. However, as we moved away from the 100% nickel end-member and
substituted in aluminum atoms, this alternation of up and down magnetic spins became
trickier and several of our systems containing nickel and aluminum did not converge
because there were problems obtaining a stable electron density. The spin ordering of the

nickel atoms must be rearranged to try to stabilize the calculations. For System 2, we
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tried to follow the magnetic moments used for the pure nickel hydroxide (System 1), but
just change 1 nickel spin. This design however proved troublesome and several
suggestions are presented below.

Magnetic studies performed on Ni-Al LDH-carbonate, Ni-Al LDH-nitrate, and
Ni-hydroxide at nickel to aluminum ratios of 1.63, 2.8, and pure nickel hydroxide,
respectively, demonstrate that Ni-Al LDHs and Ni-hydroxide are all ferromagnetic
(Coronado et al., 2008; Perez-Ramirez et al., 2002; Taibi et al., 2002). That is to say,
they have large domains of aligned magnetic moments; these domains can be sizes from
0.1 mm to a few mm (Nave, 2013). The magnetic ordering temperature, i.e. the Curie
and Néel temperatures for ferromagnetic/ferrimagnetic and antiferromagnetic materials,
respectively, is about 6-7 degrees K for Ni-Al LDH-carbonate (Perez-Ramirez et al.,
2002). Above this temperature, the solids switch from being ferromagnetic (i.e., having
aligned magnetic moments) to paramagnetic (i.e., random magnetic moments). For our
DFT studies, which are performed computationally at zero K, all our models should be
ferromagnetic.

For our models, all the previously tested hydroxide (except for pure Ni-
hydroxide) structures failed to stabilize because they could not obtain a stable electron
density (Kubicki, 2011). When the magnetic moments for each model (including pure
Ni-hydroxide) were assigned, they were in supposedly done so a ferromagnetic fashion to
make the overall magnetization close to zero. The magnetic ordering was performed by
assigning neighboring rows of nickel atoms positive and negative magnetic moments in

the same hydroxide layer. Perhaps these rows of opposing moments (where each row
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represents a magnetic domain) were too small. That is to say, bigger domains of aligned
magnetic moments should be tested. For example, align the magnetic moments for the
entire hydroxide sheet.

As for models with lower Ni:Al ratios (e.g., 1-to-1), all the magnetic moments in
the same hydroxide sheet should also be aligned. Arranging the magnetic moments in
this order may help to stabilize the electron density. Lastly, since all of these compounds
are ferromagnetic, perhaps all the magnetic moments should possibly be pointing in the
same direction throughout the entire structure. The large d-spacing (about 7.5 A)
between hydroxide sheets reduces the effects of the interlayer hydrogen bonding on the
magnetic properties of the hydroxide layer (Taibi et al., 2002). A technique for “in-
plane” magnetic moment modeling for Ni-hydroxides of various d-spacing is also
discussed by Taibi et al. (2002).

Importantly, superexchange between the Ni-O-Ni atoms (which is the oxo-bridge
at about 90°) actually promotes ferromagnetic coupling between the two nickel atoms
(Coronado et al., 2008; Taibi et al., 2002). Lastly, it is important to consider only
magnetic ordering of LDH models that do not include iron because or other transition
metals can promote spin frustration (Coronado et al., 2008), which shouldn’t occur in our
case as with diamagnetic aluminum atoms as neighbors. Taking this literature into
account for new magnetic ordering of the nickel atoms may help fix and explain our

electron density instabilities.
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LDA+U

In terms of DFT calculations, there is the U-correction parameter that must be
entered. This parameter is described in Rollmann et al., (2004). The “U” parameter in
the DFT+U calculation is a correction parameter. It is a transition metal “self-correction”
value. Dudarev et al., (1998) make some recommendations for U corrections (e.g. 4-5
eV), to use for the VASP input file. A reasonable starting value for U can be found in
literature that uses the U-correction in similar calculations. Quantum Espresso (QE) is a
free software available for DFT calculations. It “is an integrated suite of Open-Source
computer codes for electronic-structure calculations and materials modeling at the
nanoscale. It is based on density-functional theory, plane waves, and pseudopotentials.”
(http://www.quantum-espresso.org). QE has a LDA+U component described under
"Ground-state calculations". A thorough discussion of the Hubbard U evaluation is
provided by Dr. Heather Kulik and her tutorials (Kulik, 2013). Like the Hubbard U

parameter, magnetization can also be constrained and implemented in QE (Mrozik,

2011).

Materials Studio

Materials Studio 5.5 is a software program for building molecular models. It was
used in our research to create and save input files for the VASP program. In Materials
studio, before creating the VASP input file, it is important to run a force field calculation
to attempt to rearrange the atoms into semi-relaxed (or lower energy) positions before

running the DFT calculations in VASP. MD tries to overcome activation energies in
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order to push the structure to lower total energy. Force fields are not extremely accurate,
but they are a fast start from the same molecular configuration and a good idea to perform
on models before submitting them for DFT calculations. By performing a quick force
field calculation on the structure, one can possibly remove considerable DFT
computational time.

In molecular modeling in general, the final structure can be influence by the
starting structure. To help minimize artifacts created by this, one can run multiple energy
minimizations from different starting positions, and then use the structure that has the
lowest energy. After a MD simulation, one can go through the intermediate files and
perform force field calculations on these intermediate files to find structures with the
lowest energies as well. Lastly, the structural model must be charge balanced (Kubicki,
2011).

Molecular Dynamics methods can vary as well. There are both classical and force
field (clay FF) MD methods. Additionally, there are DFT force field methods (like in
VASP). MD is different than straightforward energy minimization calculations because
there is a force applied on the atoms to give them kinetic energy. Usually this force is
applied via temperature. Many DFT calculations take place at 0K, while MD simulations
are performed at higher temperatures, like room temperature (298K). During
calculations, it is important to constrain thermodynamic variables experimentally, e.g.,
temperature and pressure, in the calculation (Mrozik, 2011). For force field calculations,
one needs to know if an atom is bonded or not, for DFT this does no matter. VASP can

perform both MD and DFT methods.

79



HyperChem

HyperChem was used to build the reactants of the LDH system (see Equation 2
and Figures 3.2-3.5). HyperChem is good for solvating atoms (i.e., adding water
molecules). A neutral box (unit cell) for each component was charge balanced with Na"
or CI'. In order to have accurate results, one must make chemically appropriate reactant
systems. For example, at pH 7.5, aluminum is tetrahedral with 4 OH™ hydroxyl groups,
not octahedral. To figure out what the correct species is under specific environmental
conditions, one should use stability diagrams, a literature review, or aqueous speciation
programs such as MINTEQ (Zelmy et al., 1984). It should be determined if aqueous
nickel is octahedrally coordinated with water, if Na" is octahedrally coordinated with
water, or if Na” only has 5 waters. These details are critical to the production of accurate
results.

Lastly, it is important to represent bulk water as well in the reactants. However, it
should be a reasonable calculation in terms of computational time, so a minimum number
of water molecules to make adequate solvation should be used. HyperChem predicted
about 35 water molecules would fit into our reactant unit cell boxes, but actually it only
put in 23 water molecules. For the reactant to make physical sense, the density should be
close to 1 (e.g., 0.9-1). So if the density is too low, one needs to go back to the original

structure in HyperChem and add more water molecules into the unit cell.
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Future Research

First, it may be difficult to balance out interlayer charge when using different
Ni/Al ratios. This is because a change in Ni/Al ratio also requires the addition or
subtraction of interlayer anions. The charge density of the mineral is proportional to the
amount of aluminum substitution, so higher aluminum content causes a more positive
charge and will require more anions to satisfy this charge. Adding or subtracting
carbonate anions is a dramatic change in the unit cell. In order to compare data from the
different systems, it is important to keep the systems as similar as possible while varying
just the Ni/Al ratio. One of the overall goals of this study is to identify how the Ni/Al
ratio affects the mineral stability, and if the interlayer properties (i.e., anions and water)
cannot be accurately calculated then the results with respect to the Ni-Al ratio will also be
compromised. Additionally, the choice of interlayer anion as carbonate or bicarbonate
needs to be made. At pH 7.5, bicarbonate is the more abundant anion; however, most
research discusses only carbonate interlayer anions.

Several other questions still need clarification as well: How much do several
tenths of an Angstrom alter the calculation or affect the resulting energy? Can unit cell
volume be held constant for different Ni/Al ratios? Or do they need to be altered for
different Ni/Al ratios? How should the number of water molecules in the interlayer be
determined?

Creating clusters that mimic nickel sorption to a vacancy or edge site of
Al(OH)3(s) would help clarify what type of bonding is most stable at that site. This may

help explain if nickel replaces aluminum or vice versa during LDH formation.
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Additionally, to complement molecular modeling, Pair Distribution Function data (PDF)
would be useful to provide information about the long range atomic ordering of the
structures. PDF can be used to determine the long range structure of amorphous
materials (Michel et al., 2007) and has been recently used in analysis of LDHs (Aimoz et
al., 2012). Additionally, comparison of theoretical EXAFS spectra generated from DFT
results for comparison to experimentally obtained EXAFS data would be useful to
understand the effects of Ni/Al ratio and atomic placement on the EXAFS features.
Lastly, a MOT analysis of phyllosilicates and hydroxides would also provide helpful
insight as to why the addition of aluminum to single metal hydroxides is

thermodynamically favorable.
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Alpha-type nickel hydroxide [a-Ni(OH),] and Ni-Al LDH are compared in
the above figure. The M-M distances for alpha nickel hydroxide and Ni-Al
LDH are 3.07-3.09 A and 3.05-3.08 A, respectively (Bellotto et al., 1996;
Pandya et al., 1990). Both minerals are poorly crystallized and their d-
spacing is about 8 A, depending on the interlayer anion. Beta-type nickel
hydroxides also have similar octahedral layers, however they are well
crystallized, their interlayer space (d-spacing) is smaller, and the M-M
distance is larger (c.a. 3.12 A) (Génin et al., 1991, Pandya et al., 1990).
Figure from Scheinost et al., 1999. “Reprinted from Geochimica et
Cosmochimica Acta, 63 /19-20, Andreas C Scheinost, Robert G Ford,
Donald L Sparks, The role of Al in the formation of secondary Ni
precipitates on pyrophyllite, gibbsite, talc, and amorphous silica: a DRS
study, 3193-3203, (1999), with permission from Elsevier.”
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Figure 3.2 Reactant unit cell for aqueous nickel (N i2+aq). Nickel is blue, and chlorine is
green. Oxygen is red. Hydrogen is light gray. Chlorine was used to balance
the positive nickel charges.
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Figure 3.3  Reactant unit cell for hydroxide ion (OH"). Oxygen is red. Hydrogen is
light gray. Sodium is purple and was used to balance the negative
hydroxide charge.
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Figure 3.4 Reactant unit cell for bicarbonate (HCOs3"). Carbon is gray. Sodium is
purple. Oxygen is red. Hydrogen is light gray. At pH 7.5, the major
dissolved carbon dioxide species is bicarbonate.
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Figure 3.5 Reactant unit cell for aluminum (AIOHy4"). Aluminum is cream. Sodium is
purple. Oxygen is red. Hydrogen is light gray. Aluminum is tetrahedral in
solution at pH 7.5.
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Figure 3.6  Product unit cell for Ni-Al LDH. Nickel is blue. Aluminum is cream.
Carbon is gray. Oxygen is red. Hydrogen is light gray. This is an example
of System 4, where x=0.5.
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Figure 3.7 Product unit cell for nickel hydroxide. This is alpha-nickel hydroxide in the
unit cell of Ni-Al LDH. Nickel is blue. Oxygen is red. Hydrogen is light
gray. The bonds are not shown for clarity. This is System 1.
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Abstract

Aims: Past studies have demonstrated that hyperaccumulators absorb Ni from the
same labile pools in soil as normal plant species. This study investigated whether the Ni
hyperaccumulator plant Alyssum corsicum possesses distinct extraction mechanisms for
different Ni species present in soils. Different Ni species have different solubilities and
potential bioavailabilities to roots.

Methods: Uptake of Ni in shoots of 4. corsicum was analyzed after four weeks of
plant growth in nutrient solution with 17 different Ni compounds or soils.

Results: The results indicate that Ni uptake is related to Ni solubility and plant
transpiration rate. The most soluble compounds had the highest Ni uptake, with the
exception of Ni3(PO4)2, Ni phyllosilicate, Ni-acid birnessite which showed a low
solubility but a relatively high plant uptake and transpiration rate. In serpentine soils and
insoluble NiO plant transpiration rate was high but uptake was very low and statistically
comparable to the control.

Conclusions: It appears that Ni uptake is driven by convection, which depends on

the initial concentration of Ni in solution and the plant transpiration rate.

Introduction

Several species of the genus Alyssum are capable of hyperaccumulating up to 30 g
kg ' Ni in their dry leaves when grown on serpentine soils (Reeves et al. 1983). Ni
hyperaccumulating (Ni>1000 pug g ' DW) Alyssum species are endemic to serpentine

soils. Ni hyperaccumulators can be used in phytomining, which is an economically

97



profitable method to produce Ni ore from the ash of the above-ground biomass (Chaney
et al. 2007).

It has been shown that hyperaccumulators absorb metals from the same labile
pools in soils as normal plant species (Hammer et al. 2006; Massoura et al. 2004; Shallari
et al. 2001). However, Ni hyperaccumulators are able to accumulate 100 times more Ni
in their shoots than normal crops. Despite recent advancements in understanding the
physiological mechanisms of Ni uptake and translocation to shoots (Milner and Kochian
2008), several key hyperaccumulation mechanisms have still not been described.

Nolan et al. (2009) studied 13 urban soils contaminated with Ni smelter-waste
from Australia and Canada. The isotopic exchangeability of Ni in these soils (E value),
which is the labile Ni pool, ranged from 0.9— 32.4%(0.0009 to 60 mg kg ') of total Ni.
Similarly, Bani et al. (2007) showed that the labile Ni pool in ultramafic soils from
Albania which contains 3440 mg kg ' was 119 mg kg ' for the Ni exchangeable within
24 h and 3 months, and the water soluble Ni was only 0.25 mg L™". Similar low solubility
of Ni in serpentine soils was reported by Kukier et al. (2004). Because the labile fraction
of Ni is orders of magnitude lower than the total amount of Ni in the above-ground
biomass in Alyssum species (10-30 g Ni kg dry biomass '), there must be other
mechanisms that account for the high Ni uptake in hyperaccumulators.

Root-induced plant responses such as rhizosphere acidification and the release of
organic acids that act as chelating agents have been suggested as mechanisms that
increase Ni solubility in soil. Several authors (Bernal et al. 1994; McGrath et al. 1997,

Zhao et al. 2001) have studied the modification of the rhizosphere soil by
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hyperaccumulator plants and results indicate that the metal solubilization mechanism of
hyperaccumulators does not involve rhizosphere acidification. Further, there is little
evidence that hyperaccumulator plants secrete organic or amino acids which might
increase Ni solubilization or uptake (Puschenreiter et al. 2003; Wenzel et al. 2003).

One other mechanism that has been suggested to cause the high metal acquisition
by hyperaccumulator plants is the preferential root proliferation into soil patches
containing elevated concentrations of the target metal. It is known that the spatial
distribution of heavy metals in naturally or anthropogenically contaminated soils is
heterogeneous. Roots of the Zn hyperaccumulator Thlaspi caerulescens, for example,
preferentially grow toward substrate patches with elevated Zn concentrations (Schwartz
et al. 1999; Whiting et al. 2000). However, Moradi et al. (2009) obtained the opposite
results for Ni hyperaccumulator Berkheya coddii. They used a non-destructive method
based on neutron radiography to observe root distribution inside a rhizobox filled with
control soil and homogeneously or heterogeneously spiked soil with Ni. They
demonstrated that roots of Berkheya coddii, in comparison to roots of the non-Ni-
hyperaccumulator Cicer arietinum L., do not forage towards the Ni rich patches. Results
of those studies are contradictory and more experiments are needed to better understand
the mechanism.

Although hyperaccumulators deplete bioavailable pools of metals to extents
where they change the chemical equilibria of that metal in the soil, no mechanism is yet
known where plants attack the non-labile pool of Ni. Renewal of the labile pool from the

nonlabile pool during equilibration over time is an indirect mechanism by which
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hyperaccumulators deplete nonlabile pools of metal in soil. In this study we hypothesize
that availability of Ni to roots of Alyssum hyperaccumulator plants may depend on the
species of Ni in the soil.

Phytoavailability of individual Ni phases is unknown; some phases may be more
phytoavailable than others. For example, Li et al. (2003) performed a hyperaccumulation
study on soils surrounding a nickel refinery in Port Colborne, Ontario, Canada. These
soils contained elevated concentrations of Ni and the authors were able to
hyperaccumulate Ni from these soils using the Ni hyperaccumulators 4. corsicum and A.
murale. McNear et al. (2007) conducted a study on the same soils (Welland loam and
Quarry muck) as in Li et al. (2003) to determine the effect of soil type and liming on the
speciation of Ni. Their results showed that NiO was a common Ni species in both soils;
this crystalline solid was likely emitted by the smelter and persisted in soils because of its
low solubility and slow kinetics of dissolution (Fellet et al. 2009). Ni-fulvic acid
dominated the speciation in the Quarry muck soils. In the loam soils, Ni/Al layered
double hydroxides (LDH) were prevalent in both the limed and unlimed, and Ni
phyllosilicates in the limed soil.

In this study we investigated which of the Ni species mentioned above are
effectively available to A. corsicum roots. We tested whether 4. corsicum grown in
hydroponics can access Ni from 17 different Ni compounds and soils that are relatively
insoluble at pH 7. Each compound was added separately to A. corsicum grown in nutrient
solution under controlled conditions in a growth chamber. The solubility of each Ni

species without plants was also tested for the same duration of the plant growth
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experiment. The experimental methodology followed that used by Fellet et al. (2009) to

test phytoavailability of NiO to Alyssum species.

Materials and Methods
Ni Uptake Experiment

Plant Material

Seeds of A. corsicum were collected from Turkey (Koycegiz) in 1998 and allowed
to germinate on plastic seed plug flats filled with vermiculite. They were watered daily
with deionized water until germination. Thereafter, the plants were watered with a 1:10
mixture of macronutrient solution (described below) and deionized water. Four weeks old
seedlings were selected for homogenous and healthy growth then transplanted into 1250
mL beakers (3 plants per beaker) in a growth chamber and grown under controlled
conditions (temperature: 24d/20n°C; relative humidity: 70d/50n%; PAR: 300 pmol m—2
s', 16 h day ). The beakers contained 1250 mL of nutrient solution, and plants were
grown for 12 days without Ni compounds to let the root systems recover from the
transplanting process. Seventeen different forms of Ni were added to treatment beakers
on day 12 at 73.36 mg of total Ni per beaker except for Ni sorbed to humic acid (12.81
mg), Ni/Al LDH with CO3 2- interlayer (95.7 mg), a-Ni(OH), (58 mg), B-Ni(OH), (63.41
mg). Sufficient mixing in the jar was provided by continuous aeration. Each treatment
was carried out in triplicate.

Because A4. corsicum is a serpentine endemic species, the nutrient solution

simulated the conditions of a typical serpentine soil solution for the macronutrients
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(Brooks 1987). The Mg in the solutions was high (supplied as 2 mM MgSQO,) and Ca was
low (1 mM Ca) compared with normal Hoagland solution (I mM Mg and 4 mM Ca). The
calcium and nitrogen sources were Ca(NO3), (1.0 mM) and KNO; (2.5 mM). K,HPO4
and KCl were supplied at 0.1 mM. In order to stabilize solution pH, the nutrient solution
included 2 mM HEPES. Solution pH was set at 7.0+£0.2 and was adjusted daily by KOH
or HCI additions. The micronutrients were supplied at: 2.0 uM MnCl,; 0.5 pM CuSOy;
1.0 uM ZnSOy; 0.2 uM CoSOyq; 15 pM H3BO3; 0.2 pM NaMoOy; and 20 uM FeHBED
chelate. The microelement cations were not chelator buffered but Fe was supplied as the
stable chelate FEHBED; Ni dissolved in a nutrient solution cannot displace Fe from
FeHBED (Parker et al. 1995).

Solution level was maintained by daily addition of DI water. Plants were
harvested after 4 weeks of growth with Ni compounds. Roots of intact plants were
inserted and kept in desorption solution (10 mM CaNO3) for 30 min at 4°C before
separating roots from shoots. After harvest, three aliquots of nutrient solution from each
beaker were sampled and filtered (0.2 um) and analyzed for Ni and other nutrients (Ni in

solution after plant harvest).

Soil Compounds and Minerals Used to Spike Hydroponic Nutrient Solution

Table 4.1 lists the compounds used in the experiment. The soils in this experiment
were air dried and sieved to <2 mm. 18.2 megohm deionized water was always used.
Seventeen Ni compounds that are relatively insoluble at pH 7 and occur in natural and

anthropogenic contaminated soil (L1 et al. 2003; McNear et al. 2007) were used in this
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experiment, the names of some compounds have been abbreviated as follows: Ni3(POy),
for Ni3(PO4),211.8 H,O; Ni - humate for Ni sorbed to humic acid; Ni-goethite for Ni
sorbed to goethite; Ni-acid birnessite for Ni sorbed to acid birnessite; Ni/Al LDH,
carbonate for Ni/Al LDH with COz * interlayer; Ni/Al LDH, nitrate for Ni/Al LDH with
NOjs interlayer; Ni/Al LDH, silicate for Ni/Al LDH with SiO,(OH), > interlayer.
Detailed information on the separation of the Ni species is provided in supplemental

information.

Ni Solubility Experiment

Ni solubility in the serpentine nutrient solution was measured for each test
material for the same duration of the plant uptake experiment. 73.36 mg Ni of each Ni
compound except for Ni sorbed to humic acid (12.81 mg), Ni/Al LDH with CO3 2-
interlayer (95.7 mg), a-Ni(OH); (58.0 mg), B-Ni(OH), (63.4 mg) was added to a 1250 mL
beaker containing aerated serpentine-Hoagland nutrient solution and treated under the
same conditions as the beaker containing plants. Three replications per Ni compound
were used. Solution pH was set at 7+0.2. Water level and pH were adjusted daily.
Solution was sampled and filtered (0.2 um) at 24 h after addition of compounds and then

every 7 days for 4 weeks.

Samples Analysis

Root and shoot tissues were oven dried at 70°C for 24 h, weighed and ashed at
480°C for 16 h, and then digested with concentrated HNO3. Once dry, the samples were

dissolved in 10 mL of 3 M HCl, filtered (Whatman #40 filter paper) and diluted to 25 mL
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with 0.1 M HCl in volumetric flasks. The Ni concentrations were determined using
atomic absorption spectrophotometry with deuterium background correction, and other
elements were determined by inductively coupled plasma atomic emission spectrometry
(ICP). Ni detection limit was 0.005 mg L™". An internal standard (Y) was used to improve
ICP analysis reliability, and standard reference materials and blanks were analyzed for

quality assurance.

Table 4.1  List of the seventeen Ni species used in the hydroponics uptake experiment,
along with the description and reference for the synthesis method or
manufacturer of the Ni compound. Detailed information on the preparation
methods is provided in the supplementary data.
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Statistical Analysis

Data were analyzed using SAS PC version 6.0 (SAS Institute 1989). Data
required log transformation to attain homogeneity; geometric means and standard errors
are shown in the tables and figures. The PROC MIXED procedure was utilized for
analysis of variance of plant yield and tissue metal concentration for differences of

treatments. Significance was set at the 5% level.

Results

Yield and Uptake-Translocation to Shoots

The dry biomass of shoots at harvest ranged from 2.64 to 0.64 g. Differences
among treatment compounds were not statistically significant (Table 4.2) except for
garnierite and limonite soils which caused reduced plant growth. NiSO4 caused Ni
toxicity symptoms but no significant reduced growth (Fig. 4.3, supplementary data).
Plants grown in solution with the garnierite and limonite soils manifested reduced shoots
yield (Fig. 4.3, supplementary data) and in the garnierite soil the root system showed
reduced growth (30% reduction relative to the other treatments, Table 4.2) possibly due
to Cr toxicity (Table 4.3).

Yellowing and browning of some older leaves was observed for several
treatments: a-Ni(OH)2, B-Ni (OH)2, Ni-goethite, and NiCO3 (Fig. 4.3, supplementary
data). However, the toxicity symptoms were not consistent among replicates, which may
be due to higher variability amongst 4. corsicum seeds collected from wild plants in the

field.
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At harvest both macro- and micro-nutrient levels were adequate for normal plant
growth. Ni concentration in shoots was significantly different among treatments. No
significant correlation between Ni concentration in shoots and shoot dry matter was
observed, with some treatments having high shoot dry matter but low Ni concentration.
Strong hyperaccumulation (>10 g kg™’ dry weight) was observed in decreasing order as
follows: NiSO4>0-Ni(OH)2> Ni3(PO4)2>Ni phyllosilicate>Ni-goethite>NiCO3.
Accumulation of Ni by plants grown in solution with -Ni(OH), was around 8000 mg
kg™' (Table 4.2).

Uptake of Ni was comparatively low (<5000 mg kg ') when plants were grown in
solution with Ni-acid birnessite, Ni/Al LDH nitrate, carbonate, and silicate, the garnierite
soil and the two serpentine soils. The lowest Ni uptake, similar to the control with 0 Ni,
was observed for NiO and limonite. The results indicate that Ni uptake is related to the Ni
solubility (Fig. 4.1) with the exception of Ni3(PO4)2, Ni-phyllosilicate and Ni-birnessite,
which had low solubility yet relatively high uptake. The highest Ni uptake occurred when

plants grew in solution with the most soluble Ni compounds.

Ni Solubility

As expected, the soluble salt NiSO4 had the highest solubility among all the Ni
compounds. Solubility of the other compounds was in decreasing order as follows:
NiCO3>a-Ni(OH)2>B-Ni(OH)2>Ni-goethite> Ni-humic acid>Ni-
phyllosilicate>Ni3(PO4)2>Ni/Al LDH nitrate and carbonate>garnierite>Ni-birnessite

>serpentine soil (S18)>Ni/Al LDH silicate>serpentine soil (S20)>Control>limonite
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(Table 4.4 and Fig. 4.2a, b, c¢). The variation in solubility with time of many of the

compounds was not statistically significant (Fig. 4. 2a, b, ¢); only the increase in Ni

solubility from Ni-phyllosilicate was statistically significant.

Table 4.2  Mean and standard error (SE) of Ni uptake and dry weight of shoots and
roots of Alyssum corsicum. The results of the statistical analysis are
indicated, similar letters indicate no significant difference between mean
values (p<0.05).

Treatment Ni in shoots mg kg ' SE Dry weight shoot g SE Dry weight root (g)  SE

NiSO, 23557 3496 a 1.51 011 a 051 0.02
«-Ni(OH), 17072 3288 ab  2.64 072 a 072 0.18
B-Ni(OH), 7856 1184 ¢ 1.77 023 a 062 0.13
NiCO5 10968 3989 ab  2.06 0.61 a 053 0.22
Niz(POy4)2 15101 641 ab 223 0.62 a 095 0.20
Ni phyllosilicate 11237 706 ab  2.54 0.07 a 094 0.04
Ni - humate 4142 170 cd 250 026 a 0388 0.30
Ni - goethite 11161 1215 ab 132 011 a 079 0.08
Ni - acid birnessite 5195 298 cd 263 0.19 a LIl 0.07
Ni/Al LDH, carbonate 3939 40 cd  2.064 0.18 a 1.20 0.15
Ni/Al LDH, silicate 234 74 f 23] 0.18 a 0.80 0.13
Ni/Al LDH, nitrate 5112 424 ed 285 0.15 a 107 0.17
Garnierite 1147 258 e 0.85 008 b 032 0.12
Limonite 94 19 g 0.64 0.08 b 087 0.24
Serpentine soil (S18) 574 198 f 1.88 035 a 253 1.00
Serpentine soil (S20) 470 231 f 2.69 077 a 213 0.62
NiO 20 12 h 238 054 a 079 0.10
Control (0 Ni) 21 33 h 2.60 025 a 068 0.08
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Table 4.3  Chemical composition of the two soils (Garnierite and Limonite) from the
ultramafic sites of Goias, Brazil (further details in Reeves et al. 2007) and
the serpentine soils S18 and S20 from Southwest Oregon.

pH Organic Matter Ca K Mg Fe Cr Cu Co Mn Ni Zn

% g kg™
Garnierite 6.0 45 3.1 0.1 19.3 180.7 11.3 4 0.7 2.8 18.5 0.1
Limonite 6.6 2.4 0.6 0.1 1.5 583.7 46.8 1.1 0.4 6.6 7.7 0.8
S20 6.9 3.6 0.4 0.3 13.8 138.6 1.6 0.1 0.2 3.1 5.9 1.4
S18 6.2 5.2 1.2 0.3 13.2 193 3.1 0.1 0.3 3.1 4.6 0.2

Desorption of Ni from roots was 3.9, 3.6, and 3.6 mg L™ for Ni3(POy4),, NiSO4,
NiCOs, respectively; it represented 2 mg L' for Ni-goethite and Ni-phyllosilicate, it was
only 1 mg L™" for a-Ni(OH),, Ni/Al LDH nitrate, and the Ni-birnessite, for the other
compounds it was below 1 mg L™". The Ni desorption from roots grown in NiO and
control was below detection limit (0.005 mg L"), and for limonite soil it was
insignificant (0.01 mg L™).

The total amount of Ni in solution after harvest was highest for the NiCO3 and
NiSO4 (24 and 7 mg Ni, respectively) representing 26 and 19% of applied Ni (Table 4.5).
Other compounds showed a lower amount (4-8 mg Ni) representing 7 to 2% of the
applied Ni in the following order: a-Ni(OH),>Ni-goethite>p-Ni (OH),>Ni3(PO4),
>garnierite (Table 4.5). The total amount of Ni in solution after harvest for Ni
phyllosilicate and Ni-acid birnessite was very low (0.4 and 0.2 mg Ni, respectively)
representing only 0.5 and 0.3% of applied Ni. Negligible amount or no Ni was present in

solution after harvest for the other Ni compounds (Table 4.5).
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Ni Mass Analysis

Total Ni mass was calculated as the sum of: Ni concentration in solution after
harvest, total Ni in shoot and in root (Table 4.5). The Ni compound solid residues present
in the beakers at the end of the experiment were not collected; hence full recovery of Ni
could not be calculated.

Because NiSO4 was the most soluble compound the Ni was fully recovered in the
shoots, roots and nutrient solution after plant harvest. The lower value of mass balance
(61.5 mg of NiSO4, which is the sum of Ni in shoot (mg), Ni in root (mg) and the soluble
Ni measured in the nutrient solution after plant harvest (Table 4.5), compared with the
soluble Ni in nutrient solution measured at the end of the experiment (28 days) is
probably due to the loss and breakage of finer roots and of some senescenced leaves
which fell off during the experiment and were not collected at harvest. The amount of Ni
in solution after harvest and in the whole plant was about 68% of applied Ni for
Ni3(PO4)2, a-Ni(OH)2, NiCO3, Ni - phyllosilicate, and Ni-acid birnessite. It should be
noted that the values of root Ni concentrations (Table 4.5) are not representative of the Ni
uptake into the root because root epidermis was coated with Ni compounds sorbed onto
the root surface. Washing off the root epidermis of the soil and mineral particles would
have required considerable destruction and breakage of the roots. Desorption with
CaCO3 was carried out to desorb the exchangeable Ni present on the root epidermis, in
our case most of the roots where coated with minerals and would have needed to be

manually washed to detach the minerals from the epidermis.
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Ni uptake in shoot versus Ni solubility expressed as % of applied Ni (1 mM
L") to nutrient solution. The circles points refer to Ni-acid birnessite, Ni
phyllosilicate, and Ni3(PO4), (from left to right). The Pearson correlation
coefficient (r) is reported on the left hand corner. In the Ni uptake
experiment plants were grown for 28 days in serpentine-Hoagland solution
with the addition of seventeen Ni species. Solubility of each Ni species was
measured in a test with the same nutrient solution and for the same duration
as for the uptake experiment. Values of Ni solubility reported here refer to
the last sampling at 28 days after addition of the Ni species to the solution.
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Table 4.4  Solubility of Ni in the nutrient solution without plants. Values of Ni
solubility in each treatment are expressed as % of the applied Ni to each
beaker (1 mM L™"). Ni solubility has been measured at 5 different times
after addition to Ni into solution.

Ni solubility (% of applied Ni)

1d 7d 14d 21 d 28 d
NiSOy 100.00 96.13 92.40 90.66 90.80
«-Ni(OH), 42.17 75.57 67.48 70.57 67.49
3-Ni(OH), 28.29 43.29 45.79 48.26 43.63
NiCO; 3243 61.55 67.28 66.98 59.60
Niz(PO,), 545 531 7.13 7.70 7.37
Ni phyllosilicate 3.98 7.83 13.98 20.33 18.18
Ni - humate 22.12 24.62 22.16 23.69 22.34
Ni - goethite 3342 3324 32.70 34.49 33.68
Ni - acid birnessite 0.50 0.68 0.71 0.85 0.92
Ni/Al LDH, carbonate 2.74 226 2.54 2.93 2.85
Ni/Al LDH, silicate 0.30 0.20 0.50 0.50 0.60
Ni/Al LDH, nitrate 4.49 5.11 5.41 6.11 6.14
Garnierite 4.05 3.62 3.70 3.50 3.30
Limonite 0.04 0.02 0.01 0.01 0.03
Serpentine soil (S18) 0.30 0.30 0.39 1.05 0.86
Serpentine soil (S20) 0.12 0.16 0.19 0.60 0.71
NiO 0.01 0.02 0.04 0.05 0.06
Control (0 Ni) 0.00 0.02 0.03 0.03 0.04
Discussion

The hydroponic Ni uptake study indicates that 4. corsicum cannot access Ni from
species that are insoluble at pH 7. These results agree with previous studies on Ni
accessibility by 4. murale (Massoura et al. 2004; Shallari et al. 2001), which showed that
plants remove Ni exclusively from the exchangeable or labile pool in soil, and
accumulation of Ni by 4. murale is not due to the solubilization of non-labile forms of Ni
in soils. Similarly, Hammer et al. (2006) showed that hyperaccumulation of Zn by 7.
caerulescens cannot be explained by the access to non-labile solid-phase pools of metals.
Published data for the log of solubility constants (log K,) for several Ni minerals are:

NiCO; (—6.78 to —11.2); amorphous a-Ni(OH), (—15.11 or log Ksp 12.89, where Ksp
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employs the hydrogen ion concentration versus the hydroxide ion concentration in the
solubility product); B-Ni(OH), (—17.2 to 17.3 or log Ksp 10.7 to 10.8); Ni3(PO4), (—31.3);
and a nickel phyllosilicate [Ni3Si4O19(OH),] (—80.1) (Arai 2008; Peltier et al. 2006;
Smith et al 2003). If dissolution of Ni and hence Ni uptake by the plant are directly
related, Ni uptake should be in the order of NiCOs>a- Ni(OH),>B-Ni(OH),
>>Ni3(PO4),>nickel phyllosilicate. However, we found that the order of Ni uptake by A.
corsicum was o-Ni(OH)>>Ni3(PO4),>nickel phyllosilicate> NiCO3>B-Ni(OH),. The
difference in the order of uptake with respect to solubility, specifically Ni3(PO4), and
nickel phyllosilicate which are 16 and 65 folds less soluble than a-Ni(OH),, demonstrates
that the plant plays a role in altering the uptake of aqueous Ni*".

The Ni compounds used in this experiment possessed inherent differences in that
Ni was sorbed to several minerals whereas it was incorporated into the mineral/lattice
structure in others. When one tries to apply aquatic speciation calculations for the Ni-rich
minerals in an attempt to predict Ni solubility and consequently uptake into the plant, the
results are inaccurate for several reasons. Firstly, the nutrient solutions containing the
solid phase Ni compounds were constantly aerated; hence carbon dioxide was constantly
being dissolved into the solution. This may have decreased the dissolution of NiCO3 due
to the common ion effect of CO3 2-. Secondly, the nutrient solution contains pH buffer
and may contain chelators secreted from roots for which the speciation analysis cannot
account. Thirdly, many of the LDHs do not have published solubility product constants
for the same Ni/Al ratios. Peltier et al. (2006) published solubility constants for LDHs

with nitrate and carbonate interlayers along with a Ni-phyllosilicate and nickel hydroxide
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similar to the ones used in this study. The amount of Al substitution for those calculations
was 0.33 whereas Al substitution was 0.13—0.15 for the LDHs used in this study.
Regardless, LDH with nitrate is predicted to be more soluble than LDH with carbonate
interlayer, which was observed in our study. Thermodynamic data from Peltier et al.
(2006) indicate that the order of stability of the LDH phases varies with interlayer anions,
with silicate > carbonate > nitrate, from most to least stable. This result was followed in
our dissolution experiment with LDH silicate interlayer being the least soluble and LDH
nitrate interlayer being the most soluble and phytoavailable.

Uptake of Ni from a-Ni(OH),, Ni-goethite, NiCOs, and B-Ni(OH), was highest
and corresponded to comparatively high Ni solubility. Ni desorption from goethite was
expected to be high because the high PZC of goethite causes the mineral to have a
positive surface at pH 7.5. High Ni uptake from Ni3(POjy),, which has comparably low
solubility, may be due to phosphate depletion in solution. P levels of plants grown in
solution with Ni3(POs,), were slightly higher than in the other treatments, and the P
uptake by the roots may have caused more P dissolution, and consequently Ni
dissolution, from the mineral phase. The hypothesis of an experimental artifact that
higher P uptake may have caused high Ni uptake is unlikely as demonstrated by Shallari
et al. (2001) and Li et al. (2003) who studied the effect of P on Ni uptake by 4. murale
and showed no effect of increased P fertilization on Ni uptake. It is likely, however, that
because P is a macronutrient for plants, as P in solution decreases, P from nickel
phosphate dissolves into solution. The concentration of Ni will consequently also

increase as P dissolves. The Ni in solution is then easily accumulated by A. corsicum.
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Figure 4.2  Solubility of Ni measured at different time after addition of Ni species in the
beakers without plants (as in Figure a, b, and ¢) to the serpentine-Hoagland
solution. Error bars indicate standard errors.
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Table 4.5

Mass balance of Ni as the sum of Ni in shoot (mg), Ni in root (mg) and the

soluble Ni measured in the nutrient solution after plant harvest. The mass
balance of Ni is compared with the soluble Ni in nutrient solution measured
at the end of the experiment (28 days) as reported in the second column.

Nickel Compound

Soluble Ni after 28 days
in beakers without plants

Ni in solution
after plant harvest

Ni in shoot

Ni in root

Total Ni mass
balance at harvest

mg mg mg mg mg
NiSO4 66.7 17.4 355 8.6 61.5
«-Ni(OH), 392 7.1 45.0 38 55.9
[3-Ni(OH), 27.7 4.9 13.9 11.8 30.6
NiCO5 43.7 24.1 22.6 4.0 50.7
Niy(PO4), 54 3.8 33.6 259 63.3
Ni phyllosilicate 13.3 0.4 28.5 134 423
Ni - humate 2.8 0.1 10.3 0.5 10.9
Ni - goethite 33.6 7.9 14.7 0.0 22,6
Ni - acid bimessite 0.7 0.2 13.6 6.0 19.8
N1/Al LDH, carbonate 2.7 0.07 10.4 11.5 22.0
Ni/Al LDH, silicate 04 0.04 0.5 7.6 8.1
Ni/Al LDH, nitrate 4.5 0.05 14.6 14.5 29.1
Garnierite 2.4 2.1 1.0 0.3 34
Limonite 0.0 0.0 0.1 0.9 1.0
Serpentine soil (S18) 0.5 0.2 1.1 2.8 4.1
Serpentine soil (S20) 0.4 0.2 1.3 2.8 43
NiO 0.0 0.0 0.0 6.0 6.0
Control (0 Ni) 0.0 0.0 0.1 0.0 0.1

The concentration of aqueous Ni from Ni phyllosilicate increased with time and

reached about 18% of the total applied Ni, much more than anticipated based off of

previous solubility data (Peltier et al 2006). This may be due to the high desorption of Ni

from the mineral’s amorphous structure. Similarly, aqueous Ni from Ni-acid birnessite is

very low but uptake is high (5000 mg kg™'). When the fraction of Ni taken up by the

plant is subtracted from the fraction of soluble Ni (Table 4.6), then several compounds

are found to have higher uptake rates than should be indicated from their solubility. The

plants grown in solution with compounds that have higher uptake rate than their

solubility, showed a higher transpiration rate (calculated on a standard 200 ml g ' dry

matter, Table 4.6). Plants grown in solution with Ni3(POy4),, Ni phyllosilicate, Ni humate,
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and Ni-acid birnessite, all show high transpiration rate and greater Ni uptake than should
be possible considering the mineral’s solubility.

The plants grown in solution with compounds with constantly low solubility
ranging from 1 to 5% of applied Ni, such as the serpentine soils and NiO, showed low
uptake of Ni by 4. corsicum but relatively high transpiration rate (Table 4.6). Our results
agree with Kukier et al. (2004), who measured the concentration of Ni in four
consecutive water saturation extracts of Quarry, Welland, and Brockman soils which
contained Ni/Al LDH, NiO, Ni bound to organic matter and Fe oxides (McNear et al.
2007). Their results indicated that the water soluble Ni at the neutral pH of these soils is
low, seemingly too low to allow for hyperaccumulation. However, Li et al. (2003) were
able to hyperaccumulate Ni from these soils using Alyssum plants, illustrating the
importance of soil rhizosphere processes that occur when plants are grown in soils.

The two most important functional groups in humic acids are the carboxyl and
phenol groups. The pK, values of the carboxyl and phenol groups are approximately 3
and 9, respectively. Therefore, at pH 7, essentially all of the carboxyl groups will be
deprotonated, and complexed with cations from solution (e.g., Ni). Chelation is predicted
to take place at pH values above 4-5, and strength will increase gradually with pH (Tan
2003). It is expected that at neutral pH Ni desorption from humic acid is relatively low, as
it was reported in this experiment. However, the amount of total Ni added to the beaker
was significantly lower for Ni-humate than for the other compounds and plants showed
high transpiration rate and greater Ni uptake than should be possible considering the

mineral’s solubility.
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Table 4.6  Transpiration rate and the difference in % of total Ni taken up into the shoot
from % soluble Ni at the end of the experiment. A negative number in
column three (difference = soluble Ni — Ni taken up in shoot) indicates that
Ni was taken up to a greater extent than its solubility should have indicated.
“based in a standard value of 200 ml g

Soluble Ni Total Niin shoot  difference  Transpiration rate®

% of applied Ni mlg
NiSQy 90.80 48.35 42.45 302
o-Ni(OH ), 67.49 77.69 —10.2 528
3-Ni(OH),» 43.63 21.83 21.8 354
NiCO4 59.60 30.73 28.87 412
Ni3(POy4)» 7.37 45.77 —38.40 446
Ni phyllosilicate 18.18 38.89 =20.71 508
Ni - humate 22.34 80.83 —58.49 500
Ni - goethite 33.58 20.06 13.52 264
Ni - acid birnessite 0.92 18.59 -17.67 526
Ni/Al LDH, carbonate 2.85 10.86 —8.01 528
Ni/Al LDH, silicate 0.60 0.73 —0.13 462
Ni/Al LDH, nitrate 6.14 19.84 —13.70 570
Garnierite 3.30 1.32 1.89 170
Limonite 0.03 0.08 —0.05 128
Serpentine soil (S18) 0.86 1.8 —0.94 376
Serpentine soil (S20) 0.71 2.17 —1.46 538
NiO 0.06 0.07 —0.01 476
Control (0 Ni) 0.04 0.07 —0.03 520

The low solubility of, and uptake from NiO, which had similar Ni concentrations
in the shoots as the control treatment, agrees with the results of Fellet et al. (2009), who
reported that 4. corsicum is not capable of dissolving and hyperaccumulating Ni from
NiO which is kinetically inert.

Ni uptake and Ni solubility from the serpentine soils were very low. Interestingly,

hyperaccumulation of Ni by Alyssum species was reached when plants were grown on
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these soils in the field (Li et al. 2003). The contrasting results between Ni uptake from
serpentine soils in hydroponic jars versus in the field illustrate the importance of soil
rhizosphere processes, possibly including microbial processes, and their effect on Ni
uptake. No rhizosphere was formed between the soil and root surfaces, which may
account for the little Ni accumulated from the serpentine soils in this experiment.
Additionally, in the field, plants obtain their nutrients from the soil whereas in our
experiment all the nutrients, both micro and macro, were provided to the plant via
nutrient solution. Hence, the plant had no need to scavenge mineral particles to obtain the
required plant nutrients for growth. Abou-Shanab et al. (2003) clearly illustrate that
bacteria facilitate the greater release of Ni from the labile pool in soil and enhance the
availability of Ni to A. murale. A recent study by Ma et al. (2009) obtained similar results
using Ni-resistant plant growth promoting bacteria.

These results support the convection model for Ni uptake, which comprises of
both the concentration of soluble Ni in solution and the transpiration rate.
Hyperaccumulators play a role in altering the concentration of soluble Ni in solution
through depletion of bioavailable pools of metals to extents where they change the
chemical equilibria of that metal in the soil.

Results by Moradi et al. (2010), who studied the dynamic spatial distribution of
Ni(II) around the root of Berkheya coddii using magnetic resonance imaging in
combination with numerical modeling, showed that metal concentration in the
rhizosphere is dynamic and is controlled by the plant’s transpiration rate, metal uptake

rate, and the total concentration in the soil solution.
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Conclusions

This study was designed to investigate which Ni species present naturally in
serpentine soils and anthropogenically Ni contaminated soils are susceptible to absorption
and hyperaccumulation by A. corsicum, using a hydroponic technique. It was
demonstrated that Ni uptake to shoots is related to Ni solubility of the compounds with
the exception of Ni3(POjs),, Ni phyllosilicate, and Ni-acid birnessite, which showed a low
solubility but a relatively high plant uptake and transpiration rate. Strong
hyperaccumulation (>10 g kg™’ dry weight) was obtained in decreasing order for the
soluble salt NiSOs>a-Ni(OH),> Ni3(PO4),>Ni phyllosilicate>Ni-goethite>NiCOs. It
appears that Ni uptake is driven by convection, which depends on the initial

concentration of Ni in solution and the transpiration rate.
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Supplementary Data

To produce alpha-Ni(OH)2, a methodology similar to Genin et al., 1991 was used.
Under ambient conditions, 27.5 mL of 30% ammonium hydroxide solution was added to
250 mL of 1 M Ni(NO3)2. The slurry was then washed with water via centrifugation and
freeze dried. A separate batch of fresh alpha-Ni(OH), was aged to beta-Ni(OH); in
solution for one month in a N, atmosphere at room temperature (Scheinost and Sparks,

2000), washed five times with water via centrifugation and freeze dried. Before adding to

121



the nutrient solution, alpha -Ni(OH); and beta -Ni(OH), were washed four times with pH
7 nutrient solution and freeze dried and their structures confirmed by X-Ray Diffraction
(XRD). Washing the minerals with nutrient solution prior to adding them to the
hydroponic jars decreased their sorption capacity for nutrients in the hydroponic jars.
NiCOs, NiO, NiSQOy4, Ni3(PO4), were purchased from Acros, Johnson Matthey, Acros,
and Alfa Aesar, respectively. NiCOs, NiO, Ni3(POy), were washed four times via
centrifugation at " 5000g for 5 minutes with pH 7 nutrient solution and then freeze dried
prior to being added to the hydroponic jars.

Serpentine soils 18 and 20 from Southwest Oregon (Table 4.3) were washed five
times with serpentine nutrient solution, then centrifuged at 10000 g for ten minutes and
freeze dried. The high g was necessary in order to recover the clay fraction of the soils
during washing. The soils were partially dried at 52°C overnight and then transferred to
the freeze drier.

The nickel-aluminum layered double hydroxides (Ni/Al LDH) with various
interlayer anions (carbonate, nitrate, or silicate) were synthesized according to Taylor,
1984; Depege et al., 1996; and Ford et al., 1999. Their structures were confirmed by
XRD. Ni/Al LDH with carbonate interlayer was synthesized under ambient conditions.
800 mL of 25 mM Al-nitrate and 1000 mL of 100 mM Ni-nitrate solutions were
separately adjusted to pH 6.9 with NaOH and HNO; and combined. 200 mL of water was
used to rinse the bottle with precipitated Al hydroxide. The final volume was 2000mL of
the combined metals. A Metrohm automatic titrator was used to add 1 M Na,COs to keep

the pH constant at 6.9 until addition of Na,COj3 was less than 0.1 mL hr”' or ceased
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(about 20 to 46 hours). The pH electrode was periodically cleaned with 0.5 M HCI and
calibrated throughout the synthesis. Ni/Al LDH with nitrate interlayer was synthesized
under N; conditions in a glove box. 2.5 M NaOH was used in the automatic titrator to
maintain a pH of 6.9. All water was purged with N, prior to being put in the glove box.
To exchange silicate for nitrate in the interlayer, 1L of 0.08 M, N, purged, sodium
metasilicate plus 3.5 g of nitrate interlayer LDH were mixed in the N, glove box (pH
12.6). The 1 bottle was sealed, removed from the glove box and placed in a 90°C water
bath-shaker for 24 hours. The slurry was then transferred to an orbital shaker (170 rpm) at
60°C for three weeks. For one more week the slurry remained at room temperature until
being washed four times with water and freeze dried. The Ni to Al ratio for the Ni/Al
LDH was 5.49, 6.68, and 6.12 for the carbonate, nitrate, and silicate interlayer anions,
respectively. Upon silicate substitution, the Ni to Al ratio changed from 6.75 to 6.12 with
a 17.7% increase in total mass of the LDH. The percent of nitrogen and carbon in the
Ni/Al LDH with carbonate, nitrate, and silicate interlayer anions was 0.145 and 1.792,
1.498 and 0.293, and 0.128 and 0.916, respectively. The percent of nitrogen and carbon
in the Ni/Al LDH with nitrate interlayer used for silicate exchange was 1.541 and 0.538,
respectively. The interlayer anions were also confirmed with Fourier Transformed
Infrared Spectroscopy.

Goethite was synthesized according to Schwertmann and Cornell, 2000. Acid
birnessite was synthesized according to McKenzie, 1971 and Feng et al., 2007. Goethite
and acid birnessite were chosen as representative soil iron and manganese oxides because

of their stability over time; their structures were confirmed by XRD. 3500 MWCO
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dialysis tubing pretreated at 80°C with 10 mM EDTA, rinsed with 18.2 megohm water,
and stored in 40% ethanol. Tubing was used for dialysis of goethite and acid birnessite
until their electrical resistivity was twice that of water, 12 hours after changing the water.
Approximately 110 g and 30 g of goethite and acid birnessite were added to 6 L and 2 L
pH 7 serpentine nutrient solutions, respectively, for Ni sorption. The reason a
considerably larger amount of goethite was needed is because the point of zero charge for
goethite is very high compared to that of acid birnessite, about 7.8 versus 2.8 (Stumm
and Morgan, 1981). At pH 7, the surface of the acid birnessite is negatively charged
whereas the surface of goethite is slightly positive, so Ni*" sorbs much more readily and
strongly to acid birnessite than to goethite. Because of this surface charge difference, it
would be much easier to desorb Ni cations from goethite than from acid birnessite. The
pH of the 6 and 2 L vessels was then re-adjusted to 7 and Ni stock solution was added so
the final concentration of Ni was 0.01 M in both mineral slurries. At the ionic strength
(0.0134) and pH of the serpentine nutrient solution, amorphous Ni(OH), was calculated
by the Visual MINTEQ program version 3.0 beta (Gustafsson, 2004) to be under
saturated at 0.01 M Ni*". Visual MINTEQ is a chemical equilibrium model for predicting
metal speciation and solubility in natural waters and is a MS31 Windows version of
MINTEQ v. 4.0 (Allison et al., 1991). The acid birnessite and goethite slurries were
constantly mixed open in the air by a stir plate and propeller, respectively, with their pH
adjusted occasionally to 7 for approximately 11 days or until a constant pH was found.
The goethite and acid birnessite slurries were washed seven and five times, respectively,

with pH 7 nutrient solution to remove loosely sorbed Ni and then freeze dried.
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Humic acid (HA) was purchased from Sigma Aldrich. HA was washed similarly
to Zhou et al., 2005 to remove most of the commonly present Fe, which was initially
about 9000 mg kg . HA was washed three times with 6 M HCI for about 28 hours total
on a shaker. Then it was washed twice with 11.25 M HCI for 36 hours total. Finally, the
HA was rinsed once with 1 M HCI and twice with 0.1 M HCI to decrease the HCI
concentration in the HA. HA was then added to 2 L of pH 7 nutrient solution, and the pH
was adjusted to 7 with 10 M NaOH. Ni stock solution was added to make the final Ni
concentration 0.01 M and the pH was adjusted to 7 with 10 M NaOH until a constant pH
7 was found (about two days). The HA slurry was then centrifuged and washed five times
with pH 7 nutrient solution and freeze dried. About 85% weight loss of HA occurred as
much of the HA remained in solution at pH 7 and could not be retrieved via
centrifugation. The final Ni and Fe concentrations were 9450 and 160 mg kg™ dry
weight, respectively. Garnierite and limonite samples were obtained from Goias, Brazil
(Table 4.2). Garnierite is a Ni-silicate rich ore and limonite is highly weathered, iron
mineral rich top soil.

Ni phyllosilicate was synthesized at room temperature according to Decarreau et
al., 1987 and Peltier et al., 2006. A solution of 0.08 moles of sodium metasilicate was
added to a solution of 0.06 moles of nickel sulfate and 0.02 moles of sulfuric acid. Upon
the rapid addition and mixing of sodium metasilicate, a nickel phyllosilicate of to
approximate structure SigNi3O;; precipitated. This precipitate was settled for four hours,
washed three times with water, then dispersed at approximately 12g L' in water for

seven weeks. Finally, it was centrifuged and freeze-dried. Ni-phyllosilicate, and all the
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LDH phases were washed four times with pH 7 nutrient solution and freeze dried prior to

being added to the hydroponic jars.

Ni-goethite NiSO, B-Ni(OH),

Control:0 Ni Ni - birnessite Nis(POy),

Figure 4.3  Plant shoot biomass after 28 days of growth in serpentine-Hoagland solution
with the addition of various Ni species (indicated at the bottom of each
picture). Plants grown in solution with the garnierite and limonite soils
manifested reduced shoots yield as plants grown in solution containing Ni-
goethite.
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Chapter 5

NICKEL SPECIATION IN SEVERAL SERPENTINE TOPSOILS USING
SYNCHROTRON-BASED TECHNIQUES

Abstract

Although ultramafic laterite profiles and serpentine soils have been extensively
studied, nickel speciation in these soils using direct methods such as synchrotron-based
techniques has not. Using multiple techniques, we improve the understanding of nickel
speciation in several serpentine topsoils from the USA. Our findings help predict nickel
bioavailability and transport from serpentine soils by directly describing the chemical
phases of nickel. Additionally, our results help better understand how nickel
hyperaccumulating plants access nickel from serpentine soils.

We find the literature comprehensively describes how nickel speciation is directly
related to local climate, weathering, topography, and bedrock of the specific serpentine
soil site. Primary serpentine minerals like peridotite and serpentinite break down because
magnesium preferentially leaches out of the soil profile, consequently enriching other
elements like iron. The secondary minerals formed from peridotite and serpentinite
include vermiculite and smectites. Smectites tend to form when the soil has poor
drainage. Eventually, in heavily weathered soils, iron oxides form. In deep profiles of
nickel laterites it is even possible for supergene processes to occur and serpentine

minerals may precipitate out again.
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In terms of how this sequence of weathering is related to the speciation of nickel,
the nickel is removed from the octahedral position in the primary silicates and becomes
part of the octahedral layer of smectites or incorporates with amorphous iron oxides or
manganese oxides. Our synchrotron based-data show that nickel is associated in this
fashion in several serpentine soils from Oregon, California and Maryland. Nickel is
present with iron oxides like goethite, and XRF mapping indicates it also can accumulate
with manganese oxides. Additionally, however, even in the clay fraction we find nickel
present in primary serpentine minerals such as lizardite. Using linear combination fitting
of synchrotron data, we determine that nickel associates with phyllosilicates such as

lizardite and also with iron and manganese oxides.

KEY WORDS: nickel, speciation, serpentines, ultramafic, mineralogy, synchrotron based
radiation, sonication

Introduction

Serpentine Weathering and Mineralogy

Serpentine soils result from the weathering of ultramafic rocks. Ultramafic rocks
are formed from magma located deeper in the earth’s mantle than magma that forms most
of the rocks of the continental crust. Because the magma comes from deeper in the
earth’s mantle, it contains increased proportions of elements with smaller cationic radii
(e.g. Mg, Cr, Co, Fe, and Ni) versus larger cations that are typically found in lighter

crustal rocks (e.g., Ca, Na, Li, Al) that compose the continental crust (Alexander et al.,
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2007). Because ultramafic rocks have elevated amounts of heavier, often transition
metals, the soils that form also possess similar characteristics. These chemical
differences have direct implications for the soil chemistry and weathering products of
ultramafic rocks versus those from soils of non-ultramafic origin.

There are three serpentine minerals: antigorite, chrysotile and lizardite. For
clarity, the term “serpentine” refers to these minerals. The term “serpentinite” refers to
the parent bedrock material, principally the magnesium-iron silicate minerals like olivine
and pyroxene. Serpentine minerals form during the process of “serpentinization”, where
serpentine rock reacts with water to form, for example, lizardite. The reaction: olivine +
water = serpentine mineral + brucite is a common formation mechanism of serpentine.
The term “serpentine soil” refers to soils that develop from serpentinite or contain its
weathering products. Nickel substitutes for magnesium in the octahedral layer of
serpentine minerals, and during geochemical weathering, nickel is removed from the
octahedral layer and accumulates with iron and manganese oxides (Alexander et al.,
2007b).

Harzburgite is a rock, and is common variety of peridotite rock in terrestrial
environments. The olivine and pyroxenes in harzburgite weather more readily than
serpentine minerals. Serpentine soils that form from dunite rock contain large amounts of
brucite. Dunite is nearly all olivine (Alexander, 2004). Most of the ultramafic rock of
eastern North America consists of peridotite and serpentinite which are derived from

oceanic mantle. Serpentinite is hydrothermally altered peridotite (Alexander, 2009).
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The term “serpentine” was coined because of the dark, serpent-like waves present
in the parent bedrock. The term “serpentine soil” refers to soils that develop on
serpentinite and contain its weathering products. The geochemistry of serpentine soils
has been extensively studied [e.g., (Alexander et al., 2007; Cheng et al., 2009; Oze et al.,
2004a)]. The weathering of serpentinite rock by biotic processes has been studied, and
secondary magnesium oxalate crystals containing both iron and nickel were found
(Adamo et al., 1993; Alibhai et al., 1993; Wilson et al., 1980)

The main chemical feature that separates serpentine soils is very high magnesium
and first row transition metals, specifically chromium, cobalt, and nickel. The major soil-
forming processes are weathering, leaching of basic cations and silica and the oxidation
of iron (Alexander, 2009).

Drainage of serpentine soil is a major factor in mineralogy. Yongue-Fouateu et
al. (2009) found in lateritic soil profiles developed on ultramafic rock that goethite was
the main mineral in the profile with silicate clays less abundant but generally occurring at
the top of the profile. Smectites were found where water accumulated in the downslope
and bottom of the soil profile, and this smectite transformed to kaolinite in the well-
drained upper portions of the profile. Gibbsite was also more common at the summit.

In a series of studies by Gasser and Dahlgren (1994) and Gasser et al. (1994;
1995) colloids were found to be important in the transport of Cr, Fe, Mg, and Ni in
serpentine soils. Less than 40% of nickel in the soil water was found in dissolved form,
indicating that colloidal transport may be an important factor for nickel translocation

from the soil. Serpentine minerals and iron oxides were the major soil mineral
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components, along with a small amount of quartz. Gibbsite and smectite were not
detected. Iron oxides were rich with non-iron elements like aluminum, chromium, nickel,
and silicon. They found that nickel can substitute for Mg in serpentine minerals, and that
manganese oxides also incorporated nickel into their structure. In batch and stirred-flow
experiments, they showed that nickel release increased with decreasing solution pH.

Most serpentine soils are pH 6.0 and higher and only a few below 6.0 except in highly
leached situations, or where fertilizers have caused acidification. The pH of serpentine
soils can vary generally between (4.5 very uncommon) 5.5 and 7.5 (Alexander et al.,
1989; Gasser et al., 1995; Rabenhorst et al., 1982, Chaney 2013).

Iron and aluminum released from serpentines during weathering is incorporated
with silica and forms dioctahedral iron-rich montmorillonite (nontronite) in well-drained
serpentine soils (Wildman et al., 1968b). The formation of dioctahedral sheets of iron
rich montmorillonite rather than saponite (the trioctahedral end member) is common in
soils formed from serpentinite. In well drained soils, iron or aluminum montmorillonite
will form before any saponite forms (Wildman et al., 1971). The solubility of Mg may
explain why iron rich montmorillonite forms in high Mg soils rather than trioctahedral
saponite. In soils of well drained environments, iron and aluminum montmorillonite is
stable before the soil pore water contains enough Mg to crystallize saponite (Ece et al.,
1999; Wildman et al., 1968a). Because magnesium is lost faster than silicon from the
surface of serpentine, incongruent dissolution of the serpentine mineral takes place and

silicon is enriched at the mineral surface. Serpentine with silicon rich surfaces will have
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a low isoelectric point, meaning that they will be negatively charged at a neutral pH
(Tartaj et al., 2000).

Caillaud et al., (2004) found similar results in that the leaching of magnesium and
silicon causes enrichment of lesser mobile elements like iron and aluminum, which
produced dioctahedral smectites. The smectites were mostly of two classes, one iron-rich
montmorillonite with little tetrahedral charge and another that had tetrahedral charge.
These smectites were mixed in the lower horizon of the weathering profile, but
increasingly more segregated in the surface horizons. Based on chemical composition,
clays were iron rich in the lower profile and aluminum rich in the surface horizon.

In the saprolite zone that developed from serpentinized peridotites in a study by
Gaudin et al. (2005), saponite and Mg,Ni saponite in addition to two dioctahedral
smectites (iron nontronite and montmorillonite) formed. In the smectite zone, there were
no serpentine minerals or saponite, but dioctahedral smectites, magnetite and goethite
were common.

In the clay fraction of an Entisol and Inceptisol of a serpentine soil catena,
Bonifacio et al. (1997) found serpentine to be the main mineral along with small amounts
of low charged vermiculites. More developed soils in the catena contained higher
amounts of vermiculites and smectites. The weathering of the serpentine minerals
yielded low charged vermiculite in the upper, drier soil horizons, and smectite in the
poorly drained soils. They also found that vermiculite can transform to smectite under
moist conditions. They propose that low charge vermiculite is the first weathering

product of serpentine under free drainage conditions. Smectites are found in the soil
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horizons with lower porosity, indicating that smectite formation occurs only under
restricted drainage. Smectite formation in the deeper horizons may form via two
mechanisms, precipitation from the soil water or transformation from vermiculites
translocated down through the soil profile. Under wet conditions, smectite seemed to
form directly from serpentine minerals (Bonifacio et al., 1997).

Iron smectites form from serpentinite where much of the Mg is lost more rapidly
than Si. Mg dissolves more rapidly than Si, thereby leaching much faster from the soil.
The remaining silica slowly dissolves and saturates the soil solution, which then can
crystallize as iron-rich montmorillonite (Ece et al., 1999). Several other authors have
also come to similar findings with respect to the weathering of serpentine soils.
Weathering of the serpentine minerals produced smectite and vermiculite, which
eventually transformed into goethite and hematite (Cheng et al., 2011). Smectite is the
ultimate weathering product under impeded drainage conditions (Buurman et al., 1988;
Istok and Harward, 1982; Wildman et al., 1968b; Wildman et al., 1971).

In Niquelandia, Goids, Brazil, pyroxene is the parent material, not serpentine
minerals. The pyroxenes transform to goethite and kaolinite via several nickel bearing
phyllosilicates. Nickel rich smectite and pimelite are especially enriched with nickel and
trioctahedral smectites (saponite) formed in highly fractured rocks (Colin et al., 1990).
Colin et al., (1990) developed a profile model with five layers. The top layer was a clayey
ferruginous layer with kaolinite and goethite and hematite. The second layer was clayey
with lots of smectite and lesser amounts of kaolinite and goethite. The third layer was

saprolitic with lots of smectite, kerolite, enstatite, diopside, chromite and quartz. The
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fourth layer contained enstatite, diopside chromite and lesser amounts of smectite, and
the fifth layer consisted of parent rock (pyroxene) containing enstatite, diopside, and
chromite.

Younger soils studied by Hseu et al. (2007) contained smectite and serpentine
minerals on the summit and shoulder. Older soils in the back slope and foot slope
contained more vermiculite. Chlorite and serpentine present in the young soils at the
summit weather to smectite and interstratified chlorite-vermiculite in older soils via
strong leaching and oxidizing conditions. Vermiculite along with kaolinite and quartz
formed in the foot slope.

Several primary minerals, e.g. olivine, serpentine and chlorite, which typically are
not stable in soil environments, were still present in the A horizon of a soil in a temperate
climate (Kierczak et al., 2007). Additionally, several authors have concluded metal
speciation is directly affected by climatic conditions which influence soil mineralogy. For
example, iron and manganese oxides precipitate in humid tropical climates or other clays
form in cold continental or temperate climates (Antic-Mladenovic et al., 2011; Kierczak

et al., 2007).

Nickel in Serpentine Soils

In a study of Ni-bearing laterites in Southern Oregon and Northern California, it
was found that the laterites were composed principally of serpentine, chlorite, goethite,
and maghemite. Minor amounts of smectite, quartz, talc, hornblend and tremolite were

found (Foose, 1992). This contradicts older data stating that serpentine minerals were
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mostly weathered (Hotz, 1964). In the saprolitic zone, Ni occurs as a solid solution,
replacing Mg in several Mg-silicates (e.g. serpentine, talc or chlorite). In the limonitic
zone, Ni occurs mostly in goethite at about 2% (Foose, 1992). The garnierite group can
reach approximately 2-3% Ni (Faust, 1966).

Nickel speciation depends on the type of primary mineral and the climatic
conditions. For example the leaching of silicon and magnesium and accumulation of iron
and manganese in highly weathered soils increases nickel retention. Slightly weathered
soils have more iron in primary silicate minerals while more weathered soils have more
iron oxides (Massoura et al., 2006). This was the case for Bani et al. (2009) where nickel
was associated with amorphous iron oxides. In those soils more than two thirds of total
soil nickel was in the clay fraction. However, nickel was less associated with well
crystalline iron oxides, and crystallization during pedogenesis was a process that
separated nickel from goethite particles (Bani et al., 2007; Bani et al., 2009). In terms of
nickel availability, the soils with the highest amount of amorphous iron oxide also had
the highest amounts of available nickel. In Ferralsols from New Caledonia, most of the
nickel was associated with iron oxides (e.g. goethite). Manganese oxides similar to
interstratified lithiophorite-asbolane were a minor sink for nickel as was talc (Becquer et
al., 2006).

Alves et al. (2011) found that surface-bound nickel is primarily adsorbed, and that
most of the variability in nickel bioavailability in the soil was linked to manganese

oxides, which determined the nickel sorption capacity. The concentration of Ni in
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serpentine soils increase as other elements weather and leach out over time (Oze et al.,
2004b).

Antic-Mladenvoic et al. (2011) carried out a study on the impact of redox
conditions on nickel in a serpentine soil. They found that the residual fraction of the soil,
when analyzed by sequential fractionation, contained more than 90% of the nickel. It
was difficult to compare studies on nickel solubility because often different sequential
extraction procedures were used in each study. Additionally, they identified several
important transformation mechanisms that affect nickel solubility during redox change,
including dissolution and precipitation of iron and manganese oxides, and organic matter
transformations. Dissolved organic carbon can potentially be an important ligand for
nickel. They found the silt and clay fractions were important nickel sources.

In a sulfide deposit, lizardite and clinochlore were important scavengers of nickel,
and nickel was found mostly in the octahedral sites of lizardite. In this case, serpentine is
a secondary mineral enriched with nickel and formed via a supergene process where
nickel dissolves from the sulfide ore and then precipitates as lizardite down the soil
profile (Suarez et al., 2011). Gleeson et al. (2004) found a similar process occurring in a
nickel laterite deposit where nickel leached from the upper portion of the profile down
into the saprolite portion where it is fixed in silicate minerals.

Bani et al. (2007) carried out a study on nickel phytoextractability from serpentine
soils and found phytoextractability was mainly influenced by the nickel bearing minerals
and not by pH. For example, nickel from primary serpentine clay minerals was not

phytoextractable because nickel is present in the crystal lattice of the mineral. However
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secondary nickel rich minerals like iron oxides or smectites probably have nickel as a
sorbed species on the mineral surface or internal exchangeable sites, therefore making it
more phytoextractable. Bani et al. (2009) found that the highest levels of nickel
phytoavailability were associated with amorphous iron oxides. This is directly related to
weathering in that slightly weathered soils have iron almost entirely as primary silicate
minerals, whereas increasingly weathered soils have more free iron oxides, including
both amorphous and crystalline iron oxides. Clay minerals such as smectites or poorly
crystalline iron oxides are the main contributors to nickel phytoavailability in serpentine
soils, however, nickel phytoavailability is very low when present in well crystalline iron
oxides, such as in ultramafic laterites (Massoura et al., 2006). These results are similar to
a study on nickel phytoavailability and extractability in an ultramafic toposequence,
where iron geochemistry determined the fate of nickel (Chardot et al., 2007). Nickel in
the crystal lattice of goethite is not phytoavailable and extractable (Echevarria et al.,
2006). Massoura et al. (2006) also conclude that nickel is generally more available when
associated with phyllosilicates than with well crystallized iron oxides (Massoura et al.,
2006). Because peridotite derived serpentine soils have more free iron oxides than
serpentine soils formed from serpentinite (Alexander et al., 2004), soils that form from
peridotite should have more plant available nickel.

Apart from iron oxides, nickel can also associate with manganese oxides. About
60% of nickel was associated with phyllomanganates and 40% with goethite in the upper

limonite layer of a Philippine ultramafic laterite. In the lower saprolite layer, about 90%

141



nickel substitutes for magnesium in serpentine minerals with the rest associated with
phyllomanganates (Fan and Gerson, 2011).

A summary of nickel availability consists of two situations, one in moderately
weathered soils where plant available nickel is controlled by amorphous iron oxides and a
second where more weathered soil have higher nickel accumulation in charged,
secondary phyllosilicates (Bani et al., 2009).

Other minerals that contain nickel were found by Kierczak et al. (2007) and
include Cr-magnetite, forsterite, iddingsite and serpentine. Nickel-rich primary minerals
were more susceptible to weathering and releasing nickel versus Cr-magnetite. Smectite
was important for trapping nickel in the soil, and nickel concentrations increased down
the soil profile (Kierczak et al., 2007). Similarly, nickel mainly remained in silicates
during initial weathering stages and concentrated in secondary clays like iron-
montmorillonite, which was derived from serpentine minerals (Caillaud et al., 2009). In
another toposequence study, nickel was again mainly concentrated in silicates; most of
the nickel was found in the residual fraction based on the sequential extraction sequence,
indicating that the major source of nickel was nickel-bearing silicates such as serpentines,
smectites and vermiculites (Becquer et al., 20006).

In more intensely weathered soil, Echevarria et al. (2006) found goethite,
serpentine and talc were the most frequent nickel-bearing minerals in the soils. Nickel
concentrations were always higher in goethite than in other minerals, with up to 6.1%

nickel. Iron or manganese oxyhydroxides scavenge nickel during intense weathering.
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Geogenic nickel in soils is mainly influenced by the nickel-bearing minerals, and
nickel is more available when it is associated with poorly crystalline phyllosilicates than
with crystalline iron or manganese-iron oxides. This is probably due to high amounts of
adsorbed nickel on the phyllosilicates that can be exchanged easily versus nickel
sequestered in the mineral lattice (Echevarria et al., 2006).

Nickel is a heavy metal commonly found in soils from both geogenic and
anthropogenic sources. Serpentine soils serve as an example of soils with high levels of
geogenic nickel. As a commodity, 60% of land based nickel resources come from nickel
laterites and 40% from sulfide deposits. Stainless steel and alloy production, nonferrous
alloys and super-alloys, and electroplating are important industrial processes that
consume nickel. End uses for products containing nickel include transportation,
fabricated metals, electrical equipment, the petroleum and chemical industries,
construction, household appliances and industrial machinery. Stainless steel traditionally
accounts for 2/3 of nickel use worldwide, with 2 of steel going into the construction,

food processing and transportation sectors (USGS, 2012).

Nickel Species Identified by Spectroscopy

Using infrared techniques, it was determined that nickel-rich kerolites have nickel
distributed as domains in the octahedral sheet, versus a random distribution found in
nickel-talc (Gerard and Herbillon, 1983). Decarreau et al. (1987) determined that nickel
and iron separated into distinct domains in a smectite derived from the weathering of

pyroxenes. In the smectite, nickel clustered into nickel-rich (pimelite-like) domains in
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the octahedral layer, while iron similarly clusters into nontronite-like domains. The Ni-
Fe-Mg smectite was not homogeneously distributed with these cations but was a mixture
of trioctahedral and dioctahedral domains (Decarreau et al., 1987).

Nickel speciation in ultramafic ore minerals was characterized by EXAFS, again
with the results that there is a non-random distribution of nickel atoms in the octahedral
layer of nickel-rich phyllosilicates (Manceau and Calas, 1986; Manceau et al., 1985).
The authors note that nickel and iron have similar backscattering phases and amplitudes
and cannot be distinguished by EXAFS, and nickel can substitute for magnesium because
they have similar atomic radii. The presence of magnesium with nickel in the second
shell however, decreases the amplitude of the wave backscattered by the surrounding
atoms in such a way that EXAFS cannot separate the contributions of nickel from
magnesium. Additionally, because of the limited mean free path of the photoelectron,
structural problems involving atomic ordering between 5 and 15A are impossible by
EXAFS (Manceau and Calas, 1985).

Nickel in chromite is tetrahedrally coordinated and has very distinct pre-edge and
edge features not seen in many serpentine soils. Lizardite is a primary mineral, and in it
nickel is not distributed randomly but again segregated into domains (Manceau and
Calas, 1986).

Manceau (1987) found that nickel builds partial nickel-hydroxide layers in
asbolane and is not incorporated into the manganese octahedral layers. In general, nickel
speciation has a large variability. It can be present in phyllosilicates where it substitutes

for Mg, 2.) associated with goethite, 3.) substitutes for Al in lithiophorite or 4.) in nickel
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hydroxide layers in asbolane. The multiple species of nickel allow it to be present more
commonly in the environment than other elements e.g., cobalt (Manceau et al., 1987).

In a study of nickel incorporation into natural goethite, Ni was found to be in a
tetragonal dipyramid of oxygen, indicating that nickel preserves its usual local symmetry,
but locally distorts the goethite structure. However, the long range structure of goethite is
preserved (Carvalho-E-Silva et al., 2003). The maximum amount of Ni that can be
incorporated into goethite should be about 5.5 mol% Ni. This low amount of nickel that
can be incorporated into the goethite structure allows only a fraction of total nickel in the
soil profile to be retained in the oxidized horizon. The remaining nickel migrates
downward and results in nickel enriched silicate phases (or garnierite) at the bottom of
the weathering profile. This enrichment process at the bottom of the profile is a
supergene process (Carvalho-E-Silva et al., 2003) similar to what occurs in other nickel
sulfide and laterite deposits (Suarez et al., 2011; Gleeson et al., 2004).

In ferric smectites from lateritic nickel ore of Murrin Murrin, Western Australia,
nickel was located in the octahedral sheets of the smectite and not present as a separate
clay mineral. Additionally, nickel was not randomly distributed but again ordered into
small clusters in the octahedral layer. The nickel-rich clusters resemble small
trioctahedral clusters distributed with the dioctahedral smectite. The dioctahedral
structure of smectite layers limits the formation of larger nickel-rich domains as seen in
other trioctahedral smectites. However, large nickel cluster tri-dioctahedral (Fe-Mg-Ni)-

phyllosilicates formed at low temperature lateritic weathering (Gaudin et al., 2004).
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Nickel is located in small trioctahedral clusters within the dioctahedral sheets of
ferric smectites (Gaudin et al., 2004). This is different from smectites in Ni-Mg
phyllosilicates in New Caledonia (Manceau and Calas 1985) or in weathering profiles in
Brazil (Colin 1990, Decarreau 1987), where there are large trioctahedral clusters of nickel

even in smectites low in nickel content (Gaudin et al., 2005).

Nickel Hyperaccumulating Plants

Several nickel hyperaccumulator plants are native to serpentine soils. In the
genus Alyssum, some species can hyperaccumulate up to 30 g kg™ in their dry leaves
when they are grown on serpentine soils (Reeves et al., 1983). The nickel content can
reach up to 5% in some hyperaccumulating plants (Reeves et al., 1999). However, it is
not clear how plants remove the nickel from the soil, i.e., how plants solubilize nickel for
subsequent uptake.

Several of the native serpentine plants have nickel contents that would be toxic to
other plants; however, it is mainly the low calcium to magnesium ratio in serpentine soils
that inhibits plant growth more than low potassium or phosphorous levels or high nickel,
cobalt, and chromium levels. The soil organic carbon content is similar to non-serpentine
soils of similar climate (Alexander et al., 2007, p 42). Other researchers have found that
there are some organic soils of serpentine nature where seasonal flooding and high OM
input allow accumulation of OM, but otherwise, OM is low. Additionally, nitrogen,
phosphorous, potassium, calcium, and sometimes molybdenum and boron are deficient

for plants (Chaney, 2013). The soil chemistry is a direct result of the serpentine parent
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material and has the greatest impact on vegetation and plant species. Serpentine soils are
not particularly low in nitrogen (Alexander et al., 2007; Alexander, 2009).

A low cost, long-term soil remediation option for several heavy metals commonly
found in polluted soils is phytoremediation. Phytoremediation, specifically
phytoextraction and phytomining, use plants to remove toxic metals from the soil and
transport them to above ground where the plant can then be safely harvested and the
metal recycled. Additionally, phytoremediation can be incorporated into natural
attenuation remediation strategies. Nickel hyperaccumulating plants have unique
characteristics that make them good candidates for the remediation of large areas of soils

polluted with Ni and phytomining of serpentine soils (Chaney et al., 2007).

Research Objectives

Although hyperaccumulation is well documented, the mechanisms of it, for
example the metal dissolution processes in soil, are not understood (Centofanti et al.,
2012). Identifying the nickel bearing phases and their fate during soil weathering will
allow for prediction of the potential mobility and bioavailability of nickel over the long
term (Massoura et al., 2006). Echevarria et al. (2006) also emphasized the importance of
identification of nickel-bearing minerals in the soil because these minerals also strongly
affect nickel solubility and hence mobility and bioavailability. The mechanisms of the
soil-plant transfer of soluble nickel need to be identified (Antic-Mladenvoic et al., 2011).
Our studies employ a variety of techniques to characterize the major and minor nickel

species that naturally occur in selected serpentine soils. We speciate nickel using
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physical separation methods, bulk XRD, and synchrotron radiation. We use p-SXRF, p-
SXRD, and p-EXAFS in conjunction with bulk-EXAFS and bulk-XRD to elucidate the
major Ni species in the sand, silt, and clay fraction of several serpentine soils.

Few studies on nickel speciation in serpentine topsoils have been published using
micron-scale X-ray techniques (e.g., synchrotron based micro-XRD (u-SXRD),
synchrotron based micro-X-ray fluorescence mapping (u-SXRF), and synchrotron based
micro-Extended X-ray Absorption Fine Structure spectroscopy (L-EXAFS). There is
little information on the direct speciation of nickel naturally present in serpentine topsoils
using synchrotron-based XAS.

Traditionally, sequential chemical extractions were used to identify soil metal
species which involved repeated extractions with increasingly aggressive reagents.
Sequential extractions were effective in determining that nickel accumulates partly in
magnesium silicates but mostly with manganese and iron oxides (Alexander et al. 2007).
However, these techniques are limited by the possibility of sample alteration, and it is
difficult to compare studies on nickel solubility because often different sequential
extraction procedures are used in each study (Antic-Mladenvoic et al., 2011). XAS is
capable of determining in situ metal speciation with minimal chemical sample treatment.

Another focus of this study is to identify if any nickel-aluminum layered double
hydroxides (LDH) form during weathering of serpentine soils. For example, takovite is a
naturally occurring Ni/Al LDH formed in metamorphosed serpentinite. Also, a naturally
occurring mixed-layer chrysotile-hydrotalcite was found by Drits et al. (1995). The

mineral is an interstratified chrysotile-hydrotalcite, consisting of alternating hydrotalcite
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and serpentine-like layers with sulfate and chlorine anions. It was found in serpentinized
peridotites.

Particle size fractionation was implemented to identify unique Ni species from the
sand, silt, and clay fractions. Ni concentration increased in the clay fraction (Oze et al.,
2004b), where particle size ranged from two micrometers to the nano-scale. Particles in
this size fraction possess different physical and chemical characteristics than those in the
larger silt and sand fractions, such as surface area and solubility. It is important to keep
in mind that Ni in serpentine soils is geogenic, not anthropogenic. This inherent
difference means that apart from being sorbed to clay mineral surfaces, Ni can also be
incorporated into the crystal lattice structures of silt and sand-size particles. In terms of
XAS, this means that Ni fluorescence emits not only from Ni species sorbed to clay
surfaces (e.g., Fe and Mn oxides), but also from the bulk mineral. In order to separate
these differences, a sonication method was used.

The objective of this study is to characterize the major and minor nickel species
that naturally occur in selected serpentine topsoils to better understand what nickel
species plants can naturally hyperaccumulate. The results will improve our
understanding of phytoextraction and phytomining and their use to remediate and mine

metal rich soil and help understand the fate of nickel released from the soils.
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Materials and Methods

Sampling Locations

Samples from three different serpentine soils, all within the United States, were
obtained for this study. The first and largest set of samples is from the Klamath
Mountains, specifically the Cave Junction area of Josephine County in Southwest
Oregon. The second set of samples is from the Jasper Ridge Biological Preserve, which
is part of the Franciscan Complex of California. The California soils are some of the
same ones characterized by Oze et al. (2004). The last soil sample is from a serpentine
soil site near Baltimore, Maryland. Notations for these three soils will be Oregon,
California and Maryland soil, respectively. Multiple samples were selected to study how
nickel speciation changes in relation to pH, organic matter, clay content, particle size,

depth, and location.

Sonication of Soil Samples

Because nickel is geogenic in ultramafic rocks and their derived soils, and not
introduced from outside, human sources, e.g., acrosols from smelters, nickel is not only
sorbed to the surface of clay minerals, but also located in the lattice structures of clay and
larger minerals. In order to discern between sorbed nickel phases and mineral nickel
phases, a sonication technique was employed to remove clay coatings from the silt and
sand fractions of the soils. This method also served to disperse the clay fraction and

separate the mineral by particle size.
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A modified sonication method has was used to disperse the clay fraction and
separate the minerals by particle size (Amelung and Zech, 1999; Amelung et al., 1998;
Doelsch et al., 2006; Gimbert et al., 2005; Kahle et al., 2003; North, 1976; Oorts et al.,
2005; Raine and So, 1994; Schmidt et al., 1999; Sohi et al., 2001; Solomon et al., 2002;
Yang et al., 2009). Briefly, the probe sonicator was calibrated (North, 1976) using a 250
mL glass beaker. A slurry of 20 g of soil in 80 ml of 18.2 megohm water (1:4 soil:water
ratio) was placed in the beaker for sonication. The probe was always placed 20 mm
below the surface of the slurry. A Branson DIGITAL Sonifier® UNITS Model S-450D
was used with a flat tip on the horn. Initially, 60 J/mL were applied to the slurry. Then
the slurry was wet sieved with a 250 um sieve, using 70 mL of water from a fine mist,
calibrated hand-pump spray bottle. Another 440 J/mL were applied to the 150 mL sub-
250 pum fraction slurry (Amelung et al., 1998). After the second sonication, the slurry
was wet sieved using the spray bottle with a 45 um sieve until the effluent was clear. The
sub-2 um clay fraction and then sub-5 um clay/fine silt fraction were sequentially
separated from the sub-45 pm fraction via centrifugation. The 5-25 um fraction (fine
silt) was separated from the 25-45 pm fraction via wet sieving using a 25 um sieve and
again the spray bottle until the effluent was clear. The wet sieved and centrifuged
samples were dried with warm air at 35 C in typically less than 36 hours.

During every sonication the slurry was placed in an ice bath to maintain a slurry
temperature of less than 37 C. A swing bucket rotor was used to centrifuge the samples.
Particle density was assumed to be 2.65 g cm™'. This methodology is a compilation of

methodologies designed to minimize the breakdown of particulate organic matter (i.e.,
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sand-size OM) into smaller particles. Centrifuge speed and time were calculated using a
Sorvall RC 6 centrifuge with a HS-4 rotor, taking into account the R1 and R2 distances
from the axis of rotation for sedimentation time. 50 mL conical centrifuge tubes were
used. Centrifugation times were calculated from formulas in Soil Chemical Analysis
Advanced Course (Jackson, 1985) pages 113 and 127 and Methods of Soil Analysis Part
4, Physical Methods (Gee and Or, 2002). The published methodologies using sonication
for clay fraction separation do not provide the specific details mentioned above, hence the
sonication times, centrifuge times, and decantation distances are all calculated using the

materials and equipment available in our lab.

Sample Physicochemical Properties

Soil elemental compositions were determined via a combination of digestion
procedures including: microwave digestion with nitric acid (EPA method 3051), EPA
method 3050B hot nitric, and Aqua Regia method, all followed by ICP-OES.
Additionally, particle size analysis was carried out by the hydrometer method, and
citrate-dithionite extraction were used in soil characterization (Holmgren, 1967; Loeppert
and Inskeep, 1996). Soil pH was determined by mixing the soil with distilled water in a
1:1 ratio and measuring the pH. Percent organic matter was determined by the loss-on-

ignition (LOI) method.

X-Ray Diffraction: Soils, Minerals, and Standards

Bulk synchrotron XRD was carried out to determine the major minerals in the <2

mm fraction of the Oregon and Maryland soils. Bulk diffractometer XRD analysis was
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carried out on serpentine mineral standards obtained from the University of Delaware’s
mineralogical supply (Serpentine minerals 96, 185, 186, 5811) and on the sub-2 mm and
clay fractions of serpentine soils from Oregon and Maryland. Several soil clay fractions
were treated with sodium dithionite (Holmgren, 1967; Loeppert and Inskeep, 1996) to
remove the iron oxides present, and then additional XRD spectra were collected.
Elemental data were obtained from the dithionite extract to determine Ni content in the
Fe oxide fractions of the clays. To obtain the nickel concentrations of the serpentine
mineral standards, complete dissolution of the mineral was accomplished using a Katanax
Fusion machine with a mix of lithium tetraborate, metaborate and bromide.

Bulk synchrotron XRD analyses were carried out at SSRL beamlinel1-3 and bulk
diffractometer-based XRD was carried out at the University of Delaware on a
Philips/Norelco powder diffraction system using Bragg-Brentano parafocusing optics
with a graphite monochromator. Copper k-alpha radiation (8.04 keV) was used,
operating at 35 kV and 20 mA.

In addition to diffractograms of serpentine mineral standards and soil fractions
from Oregon and Maryland, several other diffractograms were taken of synthetic nickel
standards prepared in the laboratory and of bedrock from the California soils.
Specifically diffractograms of the bed rock JR3 and COII sites were taken. Naturally
occurring takovite diffractogram was also measured. For synthetic minerals, nickel
oxalate, magnesium oxalate (@ 60% nickel substitution, magnesium oxalate @ 5% nickel
substitution, pure magnesium oxalate, cryptomelane doped with nickel, acid birnessite

doped with nickel, and magnetite, hematite, goethite, ferrihydrite all doped with nickel,
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and Ni-Fe LDH (10:1), and Ni-Fe LDH (2:1) were made in the lab and characterized by

XRD and EXAFS.

Bulk XAFS: Soils, Minerals, Standards, and Linear Combination Fitting

Table 5.1 describes the synchrotron beamline characteristics used in this study.
The electron beam storage ring energy was 2.5-2.8 GeV with a maximum beam current
of 300 mA at the National Synchrotron Light Source (NSLS). The electron beam energy
was 3 GeV with a maximum beam current of 300mA at the Stanford Synchrotron
Radiation Lightsource (SSRL). The gas ionization chambers (where used) were filled
with either nitrogen or argon or a mix of both gases to obtain c.a. 10-20% beam
absorption in 10, and 50-70% absorption in I; and I,. The Lytle detector was filled with
argon gas. Harmonic X-ray elimination was achieved by detuning the monochromators
c.a. 30-35%, unless KB mirrors were used where typically beam energy >24KeV does
not pass through the mirror setup. Additionally, beamline 4-1 at SSRL is equipped with a
harmonic rejection mirror at 22keV. Z-1 X-ray filters were always used when collecting
data in fluorescence mode (i.e., either 3 or 6 absorption length Co filters for Ni K-edge
EXAFS data collection). Where iron was prevalent in the sample, 1-5 layers of
aluminum foil were used to preferentially attenuate Fe fluorescence and reduce the Fe K-
beta fluorescence peak.

For bulk-EXAFS, the sub-2 mm fraction of serpentine soil was powdered via
mortar and pestle and placed in sample plastic holders of c.a. 1.5 mm thickness. Samples

were placed in the beam path at 45° to the beam and 45° to the detector. The detector
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was a 13, 30 or 100 element solid state Ge, Lytle, or PIPS detector. Nickel K-edge
EXAFS spectra were collected from c.a. 200 eV below the absorption edge to c.a. 12.5 k-
space. Sufficient scans were taken to obtain reasonable signal to noise, generally 5-15
scans depending on nickel and iron concentrations. Scans were calibrated with a nickel
foil using the peak of its first derivative at 8333 eV.

Synthetic and natural mineral standards were made or purchased to analyze the
soils by Linear Combination Fitting (LCF) to determine the most dominant Ni species.
EXAFS spectra from previous research and collaborators was also used and cited where
used. X-ray diffraction and elemental data were used in conjunction with LCF to assist in
selecting the most reasonable standards to fit the soils. Data were processed either using

Sixpack (Webb, 2005) or Athena/Artemis package (Ravel and Newville, 2005).

Micro-XAS: u-SXRF, u-EXAFS, u-XRD and Linear Combination Fitting

For sonicated samples, u-XRF mapping, u-XRD and p-EXAFS were carried out
on the clay, coarse silt and medium sand fractions (i.e., the sub-2 um, the 25-45 um, and
the 250-500 um fractions, respectively), hereafter referred to as clay, silt and sand
fractions. It is recommended to not grind samples in a mortar/pestle for micro-XRF
experiments because this process can decrease the particle size smaller than the beam
itself, effectively homogenizing the sample and preventing higher quality correlations of
different elements. The sonicated fractions were mounted on Kapton® tape and are
roughly different from each other by one order of magnitude. For petrographic thin

sectioned samples, whole soil fractions (air dried, <2 mm) were embedded in Scotchcast”
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electrical resin, adhered to a trace element free quartz slide with a cyanoacrylate-based
adhesive and ground to 30 micrometer thickness. For p-XRF mapping, sufficient
incident energy (e.g., 10-17 keV) to simultaneously excite fluorescence from Ni, Co, Fe,
and Mn was used. These energies enable determination of elemental associations and
distributions.

Fluorescence data were collected with either a Ge detector or Vortex Si-drift
detector positioned 90° to the incident beam (45° to the sample). When acquiring
fluorescence data, special attention was paid to selecting the fluorescence of the Ni K-
alpha peak on the multi-channel analyzer display so that the resulting spectra excluded as
much fluorescence from the Fe K-beta peak as possible. In some samples, coarse XRF
maps (1-3 mm?) were created to observe metal correlations in a larger area to identify
regions of interest (i.e., “hotspots”) for ui-EXAFS and p-XRD analysis. Fine XRF maps
were generated where necessary within coarse maps on regions of interest. Scanning
rates varied depending on the specific beamline detector, sample stage motors, and beam
size. The different technologies at each beamline drastically affected time necessary to
create u-XRF maps. At beamlines with fast scanning rates fine maps were sometimes not
necessary.

With the monochromator calibrated at the Ni K-edge (8333eV), u-EXAFS spectra
were collected from approximately 200 eV below the absorption edge energy to k values
of 10-12.5 A™ in the EXAFS region. Multiple scans were collected until satisfactory
signal to noise ratios were achieved (typically 15-30 scans). EXAFS spectra were

analyzed by Linear Combination Fitting (LCF) to determine the dominant Ni species
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using the same reference spectra as those that were used for bulk EXAFS analysis. A
combination of both Sixpack (Webb, 2005) and Athena/Artemis package (Ravel and
Newville, 2005) were used for data processing.

Micro-XRD data also were collected with CCD detectors at microprobe
beamlines, and the data were calibrated with reference diffraction patterns and analyzed
using Fit2D (Hammersley, 1998; Hammersley et al., 1996) and Match! (Crystal-Impact,
2012) , which uses the Crystallography Open Database (Grazulis et al., 2009; Grazulis et
al., 2012) and The American Mineralogist Crystal Structure Database (Downs and Hall-

Wallace, 2003).

Results and Discussion

Sampling Locations

The ultramafic Oregon soils have been previously studied (Alexander, 2004;
Alexander and DuShey, 2011; Alexander et al., 2007a; Borine, 1983; Burt et al., 2001;
Hotz, 1964; Istok and Harward, 1982). Soil redness in the Klamath Mountains is related
to the mineralogical differences between peridotite and serpentinite. Peridotite, which is
composed of mostly olivine and pyroxene, contains fewer serpentine minerals than
serpentinite, which is the metamorphic product of peridotite. The redder soils contain
higher amounts of free iron (oxy,hydro)oxides. Most of the iron in peridotite is in
olivine, which weathers relatively easily compared to pyroxene. The iron released
oxidizes rapidly and imparts a reddish color to the soils. However, most of the iron in

serpentinized peridotite is in magnetite and serpentine minerals, which are both
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considerably more resistant to weathering than olivine and pyroxene. Soil parent
material is the dominant factor that determines the amount of iron oxides that form, with
peridotite-derived soils containing more iron oxides than serpentinite-derived soils. In the
Klamath Mountains, the well-drained soils formed from peridotite form more free iron
oxides than the soils formed from serpentinite (Alexander, 2004).

Smectite formation only occurred in poorly drained landscape positions in other
samples from the Klamath Mountains. Smectite formation is promoted in soils in wetter
landscape positions and concentrates in the foot slopes versus higher landscape positions
(Bulmer and Lavkulich, 1994; Burt et al., 2001; Istok and Harward, 1982).

Harzburgite is the dominant type of peridotite in the Klamath Mountains. The
olivine in harzburgite weathers more rapidly than the pyroxene, which can lead to an
increase in the pyroxene minerals in the soils. Enstatite is an orthopyroxene mineral that
is found in similar serpentine soils derived from harzburgite (Alexander, 2004). In a soil
chronosequence in the Klamath Mountains, weathering eliminated olivine from the oldest
soils and greatly diminished serpentine from both sand and clay fractions (Alexander et
al., 2007a). Additionally, slopes were steeper and soils were redder on peridotite parent
material than on serpentinite. Peridotite is a common rock at the top of the upper mantel,
and much of it is altered to serpentinite (Alexander and DuShey, 2011).

In this region, serpentine soils have developed over mostly peridotite.
Geochemical weathering of the parent rock has left ferrunginous nickeliferous lateritic
soils (Hotz, 1964). Nickel Mountain is the only area where Ni has been found as part of

silicate minerals (collectively called garnierite). Olivine, orthopyroxenes and serpentine
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minerals in this area have been weathered away. Ferric oxides (e.g., goethite) and some
montmorillonite, chlorite and talc are common soil minerals where Ni may be present
(Hotz, 1964). Ni can substitute for Mg in the octahedral layers of silicates because its
ionic radius is similar to that of magnesium (0.69 A vs. 0.66 A, respectively). Unaltered
serpentine minerals may account for some Ni (Montoya and Baur, 1963) and much of the
Ni may occur with goethite (Fisher and Dressel, 1959). Iron, aluminum, and Ni
concentrations are greatest in the weathered zone.

Serpentine soils have characteristically low calcium-to-magnesium ratios,
generally below one (Burt et al., 2001), and serpentine minerals were found to be
dominant in the clay fraction of several serpentine soils from the Klamath Mountains.
The amount of serpentine mineral decreased with depth, indicating its susceptibility of
weathering in the upper horizons. Burt et al (2001) also determined that vermiculite and
smectite were the weathering products of serpentine minerals in the clay and coarse silt
fractions of the soil. Because the soils were well drained, smectite may have limited
stability. Gibbsite and kaolinite were not present in the serpentine pedons, probably due
to low amounts of silica and alumina in the parent rocks (Burt et al., 2001).

The soils at the Jasper Ridge site are some of the same samples from Oze et al.
(2004). These soils are dominantly Mollisols formed on top of serpentinized peridotite.
The serpentinite at Jasper Ridge is composed of mainly lizardite and antigorite (70%),
chlorite (15%), talc (10%), magnetite (4%), and chromite (1%). Other minerals include
olivine, augite and enstatite. Sites JR3 and COII were used in our study. Nickel in these

samples was found in three phases in the JR3 bedrock, including olivine, serpentine, and
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a nickel-iron metal alloy, probably awaruite. In both sites, nickel concentrations in the
soil were less than in the bedrock, with nickel concentrations ranging from 3510 ppm to
2400 ppm in the COII site. The pH of the soils is near neutral and slightly increases with
depth, ranging from 6.71 to 6.98.

The clay fraction of the JR3 site had the highest concentration of nickel, and the
silt fraction the lowest, with about 2900 ppm and 1800 ppm, respectively. The clay size
fraction of the JR3 site is composed of smectite, vermiculite, lizardite, antigorite,
clinochlore and Cr-clinochlorite, with smectite being the most abundant mineral. This
mineralogy did not vary significantly at different depths. Site COII was treated with
sequential extractions, and the vast majority of nickel remained in the solid phase, and
was not dissolved by this procedure. Most of the nickel in the Jasper Ridge site
originated from olivine. During serpentinization, the resulting serpentine mineral also
contained nickel, and small grains of a nickel-iron alloy were produced. Oze et al (2004)
state nickel is more possibly more bioavailable (to bacteria and vegetation) than
chromium in serpentine soils because nickel-rich olivine weathers more easily than
chromite.

The third and final sample is the Maryland serpentine soil. Other serpentine soils
from Maryland have been characterized by Rabenhorst et al. (1982). The pH values
general increased with depth from pH 6.6 at the surface to pH 6.8 in the subsurface. The
pH gradient differed from nearby non-serpentine soils where pH decreased with depth.
Serpentine minerals were found in the coarse clay and silt fractions but not in the fine

clay fraction. Smectites dominated the clay fraction, along with chlorite interstratified
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with smectite and vermiculite. The serpentine mineral weathering products included
smectite and vermiculite, which dominated the clay fractions. However, the vermiculite
may have been a weathering product of non-serpentine mica and chlorite. Iron release

from the serpentine structure or other iron-rich minerals remained in the oxide form.

Sample Physicochemical Properties

Physicochemical properties of the soils are listed in Table 5.2. The Oregon soils
varied in terms of elemental concentration and particle size. The pH range of the soils is
between 5.8 and 6.9. The clay fraction of the soils ranged between 16% - 39%. The Ni
concentration ranged from 100 ppm to 6000 ppm. Physicochemical properties and XRD

data of the Jasper Ridge soils can be found in Oze et al. (2004b).

X-Ray Diffraction: Soils, Minerals, and Standards

Figure 5.1 contains the XRD diffractograms of clay, silt and sand from several of
the serpentine soils. Additionally, some clay spectra from citrate-dithionite treated
samples are also shown. In Figure 5.1, five soils are analyzed: S20UNT, S11UNT,
S10T2, S9T2, and S5T2. All these soils are from Oregon, except S5T2 which is from
Maryland. The major minerals identified in the sand fraction of S20UNT are quartz,
clinochlore, lizardite, enstatite, and magnetite. In the silt fraction, clinochlore, cordierite,
lizardite, quartz, enstatite, and magnetite were identified. The clay fraction contained
antigorite, goethite, hematite, quartz, enstatite, and magnetite. When the clay fraction
was treated with dithionite, the peaks for goethite and hematite were reduced

significantly and more of the phyllosilicate peaks, like talc, clinochlore, and lizardite are
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clearer. Alexander, (2004) stated that enstatite is an orthopyroxene mineral that is found
in similar serpentine soils derived from harzburgite.

Soil SITUNT has three diffractograms; the first of which is the sand. In the sand
fraction, clinochlore, cordierite, quartz, enstatite, magnetite are found. The clay fraction
contains lizardite, some goethite, quartz, and hematite. After treatment with dithionite,
the lizardite/antigorite peaks are clearer and several small wide peaks from goethite and
hematite are gone.

The S10T2 sand fraction contains some talc, lizardite, magnetite, quartz, enstatite,
hematite and some goethite. The sand fraction was ground in a mortar and pestle from
which the clay fraction was retrieved via the centrifugation method outlined above. This
fraction has peaks for lizardite, quartz, goethite, enstatite, and hematite. The clay fraction
of S10t2 contains lizardite, goethite, trace amounts of quartz and enstatite, and hematite.
When the clay fraction is treated with dithionite, the lizardite/antigorite peaks are much
clearer, as well as some peaks for clinochlore and quartz. Hotz (1964) stated that
serpentine minerals in this area had weathered away, but here commonly we find them.
Actually, this is not surprising because Burt et al. (2001) also found serpentine minerals
to be the dominant mineral in the clay fraction of several serpentine soils from the
Klamath Mountains.

The S9T2 sand contains clinochlore, talc, quartz, enstatite and pargasite, while the
clay fraction contains mostly clinochlore and some hematite and goethite. When treated
with dithionite, mostly the clinochlore peaks come through with broad small iron oxide

peaks disappearing.
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The Maryland soil, S5T2, contained mostly talc, antigorite, and quartz in the sand
fraction. The clay fraction showed peaks for antigorite, brucite, goethite, and quartz. In
the dithionite treated clay fraction, the peaks for antigorite, brucite, talc, and quartz are
clearer as the goethite peaks have disappeared. Serpentine minerals were also found in
the coarse clay and silt fractions from other Maryland soils (Rabenhorst et al. 1982).

Figure 5.2 is a collection of mineral standards, both natural and synthetic. Some
of these minerals were used as standards for LCF of EXAFS data, so their XRD
diffractograms are shown here to illustrate their mineralogy. Two types of Ni-Fe LDHs
were synthesized and their peaks are typical for an LDH. Other minerals such a nickel-
doped goethite, hematite, magnetite, ferrihydrite (not shown), acid birnessite,
cryptomelane, and magnesium oxalate are shown. The peaks for the iron, manganese and
magnesium minerals all correspond to their correct phases. Several other ultramafic
related diffractograms are also shown, including takovite, picrolite, several serpentine
minerals, and the bedrock from California sites JR3 and COII. Several of these minerals

served as useful standards for LCF of the bulk EXAFS data.

Bulk EXAFS: Literature, New Data, and Data Analysis

Literature: Spectroscopic Studies on Ultramafic Materials

In a natural goethite sample, the Ni-O distance was 1.98 A and 2.12 A with
coordination numbers (CN) of 2.2 and 4.3. The Ni-Fe distances were 3.05 A (CN 1.7),
3.21 A (CN 1.9), and Ni-Fe 3.73 A (CN 0.8). In a synthetic goethite, the Ni-O distance

was 1.98 A (CN 2.8) and 2.12 A (CN 4) and the Ni-Fe distances were 3.00 A (CN 2.8),
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3.17 A (CN-3.2), and lastly 3.60 A (CN-0.5) (Carvalho-E-Silva et al., 2003). Singh et al.
(2002) found nickel-iron distances similar to or shorter than those for iron in goethite: Ni-
02.06 A, Ni-Fe 2.99 A -3.02 A, Ni-Fe 3.16 A -3.19 A, and Ni-Fe 4.03 A.

For nickel synthetic hematite the distances of Ni-Fe were 2.90-2.92 A, Ni-Fe 3.41
A -3.42 A and Ni-Fe 3.66 A -3.67 A. Nickel replaced iron in hematite and no separate
nickel phases like NiO or Ni(OH),. The first shell has 2 oxygen paths each with 3 CN:
one at 1.97 A -1.98 A and the other at 2.09 A -2.1 A (Singh et al., 2000).

In a study on nickel complexation to amorphous HFO, nickel formed
mononuclear bidentate edge-sharing surface complexes with interatomic distances of Ni-
02.05A -2.07 A and Ni-Fe 3.07 A -3.11 A (Xu et al., 2007). This mechanism did not
change as a function of ionic strength, pH, loading, or times used in this study. There
was no evidence for nickel substitution for iron in sorption samples or in coprecipitation.
Nickel forms inner sphere mononuclear bidentate complexes along edges of iron
octahedra. Metastable a-Ni(OH), formed during coprecipitation of nickel-HFO. The
absence of multiple Fe shells indicates surface complexes and no precipitates for sorption
samples. Ni substitution requires crystal growth of iron oxides where Ni octahedra would
have to be buried into the Fe octahedral network (Xu et al., 2007).

Several studies on nickel surface speciation at the iron oxyhydroxide interface and
distribution in lateritic nickel ores showed that nickel surface complexes on iron oxides
are sensitive to iron oxide crystallinity and nickel may inhibit the crystallinity of the
oxide itself. Goethite had two different edge-sharing complexes (Ni-Fe 3.03 A and Ni-Fe

3.18 A) and a corner sharing surface complex of Ni-Fe 4.06 A. Hematite had a face
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sharing complex of Ni-Fe 2.92 A and a corner sharing complex of 4.07 A. Ferrihydrite
had an edge sharing complex in chains (Ni-Fe 3.05 A -3.08 A) and in rows (Ni-Fe 3.19 A
-3.21 A). Nickel was uniformly incorporated into goethite and hematite structures (Arai,
2008; Landers and Gilkes, 2007; Landers et al., 2009; Landers et al., 2011).

Another study on the crystal chemistry of trace elements in natural and synthetic
goethite found Ni-O distance of 2.07 A, Ni-Fe of 3.0 A -3.07 A, and Ni-Fe of 3.18 A, and
Ni-Fe of 3.62 A -3.65 A. In Ni-asbolane, nickel hydroxide is present as a separate but
mixed layer in the MnO, mineral. Ni, Cu and Zn are incorporated into the gibbsitic layer
of lithiophorite (Manceau et al., 1987; Manceau, 1990).

The unique structural feature cause by the “light” Al atoms in the second
coordination shell of Ni lithiophorite instead of heavy Fe atoms in goethite and Mn atoms
in birnessite produces a split of the first oscillation at 3.8 A™'. Magnesium is also a light
cation, and when it is present in the second shell of neighboring nickel atoms in edge-
sharing octahedral layers, it also produces a similar split in Ni k-edge EXAFS (Manceau
et al., 2000). This feature is identifiable in some of the serpentine minerals standards and
soils in our study. Moreover, limitations in EXAFS for studying trioctahedral
phyllosilicates is discussed by Manceau (1990). There are in and out of phase
oscillations for Mg and Ni atoms in the second shell, and the addition of Si at about 3.24
A may be necessary to fit the second shell data. However, Si is in phase with Ni
oscillations; however, Mg is out of phase. These in and out of phase oscillations
significantly complicate shell fitting analysis of phyllosilicates. Si, Al, and Mg as a group

and Fe and Ni in another group have nearly equal scattering factors and prevent the

165



distinction between atoms in each group based on scattering intensity and phase. Silicon
interferes constructively with nickel at low k and increases the total amplitude; however,
magnesium interferes destructively and its contribution to the EXAFS spectrum is
“subtracted” from that of Ni and Si atoms. Nickel atoms are never randomly distributed
but clustered into nickel-rich domains (Manceau and Calas, 1986).

Some Zn-phyllosilicates have a very similar spectral feature (i.e., a split in the
first oscillation) to the nickel rich serpentine minerals (Ni-phyllosilicates) in our study.
Manceau et al. (2003) shows Zn-surrounded by light Mg atoms, which he describes as
causing the split in the first oscillation. Both the phyllosilicate and lithiophorite have
similar spectra because they are surrounded by light atoms; hence the large indentation in
the first oscillation is caused by light elements as first neighbors. A shift towards shorter
R values versus pure Ni(OH), may indicate an actual reduction in interatomic distance
and/or a second shell filled with light atoms, e.g. Al. (Manceau, 1987).

However, Fan and Gerson (2011) show spectra for nickel in lizardite, and there is
no break in the first oscillation. Nickel is also identified as a second neighbor via
EXAFS. This indicates that perhaps in the saprolite layer, Ni is forming domains. For
goethite EXAFS there were two main peaks, one at 2.03 A for O and the second for Fe at
3.03 A and 3.28 A (just 1 peak for both Fe atoms).

With respect to the formation of LDH in serpentine soils, Fan and Gerson (2011)
identify at 8 A™ a strong double oscillation for Ni adsorbed to phyllomanganates. This
perhaps could explain why the LDH fits well into LCF. Burt et al. (2001) found low

amounts of gibbsite and kaolinite, two minerals known to form layered double
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hydroxides when reacted with nickel, a low amount of alumina in the soil would also
decrease the possibility of forming nickel-aluminum layered double hydroxides as
weathering products. Additionally, the EXAFS spectra from S20UNT (Figure 5.3)
appears to be very similar to a Ni-Al LDH spectra, however, its XRD spectra in Figure

5.1 shows that other phyllosilicates are dominant.

New Data: Bulk EXAFS of Soils, Minerals, and Standards

Figure 5.3 is the bulk Ni K-edge EXAFS data for the serpentine soils. In general,
all the soils have the same major oscillations with slight differences with respect to
locations of shoulders and beat patterns. Some spectra have a slight indentation on the
first oscillation, which would indicate the presence of a light element (Mg, Al) as a
neighbor to the central nickel atom in a phyllosilicate environment. The samples from
JR3, COII, S15T2, S14T2, S11UNT sand, STT2 and S5T2 have this feature.

Figures 5.4 to 5.10 are the standards used in LCF of the bulk EXAFS.

Data Analysis: LCF of Soil Bulk EXAFS.

Oregon soil S20U is broken down into separate particle sizes by sonication the
RDF spectra show the second neighbor to Ni is much larger in both the sand and silt
fraction, whereas it is smaller in the clay fraction (Figure 5.11). This is possibly caused
by the presence of a regularly occurring second neighbor in the crystal lattice of larger
minerals present in the silt and sand fractions versus a more random distribution of
second neighbors found in a mix of sorbed/precipitated complexes typical on clay

surfaces.
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Figure 5.12 shows a LCF of S20UNT whole fraction soil using EXAFS spectra
taken from each of its particle size fractions. It is evident that the clay fraction dominates
the EXAFS spectrum as it accounts for 77% of the nickel signal. A significant portion of
nickel is located in the clay fraction. Ni has been shown to accumulate in the clay
fraction of serpentine soils (Oze et al., 2004b).

Figure 5.13 is LCF of Ni K-edge bulk EXAFS of the clay fraction of Oregon soil
S20U. Three major species 1.) Ni adsorbed to goethite, 2.) nickel incorporated into
structural goethite, and 3.) Ni-bound to manganese oxides were found as the major
species, with each contributing 24%, 27% and 49% to the spectrum, respectively. This
indicates that iron and manganese oxides play a critical role in the clay fraction of nickel

speciation in this serpentine soil.

Micro-XAS: u-SXRF, u-XRD, and Data Analysis

u-SXRF and p-XRD

Figure 5.14 is an example of a petrographic thin section 30 um thick (left), and a
close up photo of the area raster scanned by the synchrotron micro-beam at SSRL BL 2-
3. This figure illustrates on an eye-level scale the procedure and information obtained
from micro-fluorescence. Photos taken with microscope camera at NSLS X27A.

Figures 5.15-5.17 are p-SXRF maps of COII 0-2 cm from a thin section of the <2
mm soil. Each map shows a different distribution of Ni versus Mn and Fe. In Figure
5.15, one large mineral particle (approx. 150x70 microns) is highly correlated with Ni

and Mn. Fe is also present but not distributed in the same manner as Ni or Mn. Cr is not

168



correlated with other metals except Zn (not shown). Lower amounts of Ni are also
present in the large Fe bearing minerals, indicating that Ni has a low level, ubiquitous
abundance in some of the larger Fe rich minerals.

Figure 5.16 illustrates another distinct Ni distribution pattern. Here Fe and Mn
accumulate together in the veins of larger minerals, however, Ni concentration sharply
decreases in these veins and is concentrated more homogeneously in the bulk mineral.
Lastly, Figure 5.17 demonstrates an example where Ni and Mn accumulate together in
what appears to be veins of the larger mineral. Fe is independently distributed from Mn
and Ni.

Figures 5.18-5.22 show the elemental fluorescence and p-SXRD spectra from the
sand, silt and clay fractions of the Oregon soil S10T2. The removal of secondary mineral
coatings via sonication allowed for strong elemental fluorescence (e.g., Ni) from bulk
minerals. The minerals identified via micro-XRD on specific elemental hotspots are
listed in the Mineralogical Key along with a table of elements at present at each spot
[Figures 5.19 and 5.21].

Figure 5.18 shows the elemental maps and correlations in Oregon Soil S10T2
sand fraction. The fluorescence maps in Figure 5.18 in conjunction with the micro-XRD
diffractograms obtained from this map shown in Figure 5.19 illustrate that magnesium
silicate minerals like lizardite commonly contain Mn and Ni. Additionally, discrete Ni
fluorescence also occurs in these minerals. At other nickel hotspots, the diffractograms
showing both lizardite and goethite indicate these two minerals exist very intimately [spot

5, Figures 5.18 and 5.19]. Iron hotspots show diffraction patterns for goethite and
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hematite [spot 13, Figures 5.18 and 5.19]. Spots where Ni was the predominant element
gave diffraction patterns for various magnesium silicate minerals like lizardite and
pyroxene [spots 2 and 9]. Even though few peaks are obtained for this particle, they
match lizardite. It is common in micro-diffraction to not obtain diffraction peaks from all
the surfaces of a mineral because the beam size is very small compared to a bulk
diffractometer. In a hotspot of Mn and Ni, a pyroxene magnesium silicate mineral was
found, though the diffraction peaks are weak. Quartz was also detected in the sand
fraction. Hotspots for Zn and Cr showed zincochromite and chromite peaks [spots 11
and 12]. On pure Fe spots, goethite gave the predominant diffraction peaks with some
additional peaks attributed to zincochromite, which probably resulted from the 10 um
rocking during spectrum collection [spot 14]. Spot 15, with high Ca and low Ni
fluorescence, showed peaks for a magnesium silicate pyroxene. Spot 16 gave hematite
peaks.

The fluorescence data collected from the medium sand particles show several
areas where nickel and iron are correlated. In the correlation plots [Figures 5.18], there
are several areas where Ni has a different relationship with iron. In at least one area, Ni
and Fe appear to be heavily correlated, while in two other areas, Ni fluorescence is
independent of Fe, indicating a variety of Ni species are present. Ni and Mn, in general,
are not highly correlated in the sand fraction. There are two spots where the two
elements co-occur [spots 15 and 7, Figure 5.18]. Ni and Cr are not correlated in the sand
fraction, while Ni and Si appear to have several clusters of a linear relationship,

indicating that the Ni and Si are correlated.
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Figures 5.20 and 5.21 show the fluorescence and diffraction from the silt fraction
of Oregon Soil S10T2. In the silt fraction, Ni and Fe correlation is much less than in the
sand fraction. From the fluorescence map, however, there are several particles were Ni
and Fe do appear together [spot 5 and 7]. Ni and Mn have several particles of high
correlation in the silt fraction [spots19, 12, 13, 14]. Ni and Cr are not associated in the
silt fraction. Ni and Si have less correlation in the silt fraction than in the sand fraction,
with little evidence of correlation from the plots or maps.

In the silt fraction, high Ni and Fe spots showed diffraction peaks for magnesium
silicate and iron oxide minerals. Spot 6, high in Ni, showed clear peaks for lizardite, one
of the three serpentine minerals. Quartz and another magnesium silicate, chlorite, were
found at spot 7, which is high in both Fe and Ni. Hot iron spots [8, 9, and 11] gave
diffraction peaks for hematite, magnesioferrite and manganosite, indicating Mg
accumulation in Fe particles. A pure Mn spot gave very clear diffraction peaks of
lizardite, indicating the presence of Mn in this mineral [spot 12]. A hot spot of Ti [17]
revealed anatase and ilmenite.

The clay fraction demonstrates a completely different relationship than particles
sizes 10-100 times larger. The sub 2 micron particle sizes show complete elemental co-
occurrence in the fluorescence map and hence in the correlation plots. Micro-XRD from
the clay fraction revealed very similar spectra, which is in agreement with the correlation
data and the fluorescence maps. The peaks on spot 3 were matched with very good
agreement to the minerals phlogopite, lizardite, goethite, and hematite. Phlogopite is

common to ultramafic igneous rocks.

171



Conclusion

The heterogeneity of nickel in our serpentine soil samples was identified using
micro-synchrotron based techniques. Nickel is distributed in many forms, including with
iron and manganese and as discrete particles on the micron scale. The bulk EXAFS
provided an average of the nickel speciation in each soil sample, with nickel heavily
distributed in the clay fractions of several soils. Also, in the speciation of nickel changes
depending on particle size, in the sand, silt or clay.

The extensive literature available on serpentine soils over the past 50 years gives
good predictions of nickel speciation based on four of the five soil formation factors:
parent material, climate, topography, and time. The uniqueness of the parent material
hampers the biological factor so many plants cannot grow in the extreme soil chemical
conditions. Based on LCF of bulk EXAFS data, (Figure 5.13), iron and manganese
oxides are the principle compounds for nickel accumulation in S20UNT clay fraction

serpentine topsoil.
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Table 5.1  List of Synchrotron Beamlines Used in This Study.
Beamline Technique Monochromator  X-ray detector approximate spot size
types (horizontal x vertical)
NELS X11A Bulk EXAFS Si(111) Lytle 3xlmm
NSLS X11B Bulk EXAFS Si(111) Lyile Sxlmm
NSLS X26A Microprobe Si(111) 9-element 11xSum
CErManiium array
NSLS X27A Microprobe Si(111) 13-element 15x10um
germanium array
SSEL 2-3 Microprobe Si(111); Si(220)  Vortex detector 2x2um
SERL 4-1 Bulk EXAFS 51(220) 13-element 3xlmm
Zermanium array
SSEL 9-3 Bulk EXAFS Si(220) 100 - element Sxlmim
CEMMArinm array
SSEL 10-2 Microprobe Si(111) Ge array detector 50x50pm
SSRL 11-2 Bulk EXAFS 512207 30 - element 3xlmm
germarnim array
SSEL 11-3 Bulk XRD Bent cube-root MAR3435 150x150um
I beam Si(311),  Imaging Plate
Side deflecting
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Table 5.2 Physicochemical Data of the Oregon and Maryland Soils

Sample pH Sand Silt Clay OM Ni Fe Co Cr Mn
ID (%) (%) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg)(mgrkg)
OR Series S3 Untreated| 6.5 - - - 4.8 2627 41623 181 1555 2111

OR Series S5T2| 6.0 25 49 27 51 1514 67880 87 580 1342

OR Series S6 T2| 6.1 42 37 21 51 544 29013 49 398 1065

OR Series S7 T2 56 57 25 18 55 736 32171 64 493 1147

OR Series S8 T2| 58 35 36 29 5.8 1070 54945 63 540 987

OR Series S9T2| 6.4 28 33 39 4.0 2329 38726 229 2913 2870

OR Series S10T2[ 6.3 57 23 20 54 4711 46365 243 2296 2970

OR Series S11T2| 68 49 29 22 53 1783 35875 95 1106 1516

OR Series S11 Untreated| 5.6 45 31 25 54 1661 73759 100 1866 1620
OR Series S12T2( 6.3 50 21 29 6.3 2579 38302 156 634 1673

OR Series S13 T2 6.4 37 30 33 6.5 4164 46319 311 1791 3359

OR Series S14 T2,sieved| 6.1 43 31 26 6.1 3698 111000 211 2284 2937
OR Series S15 T2 6.2 56 24 20 3.2 2474 38202 119 1015 1404

OR Series S16 T2 6.0 38 41 21 3.6 500 31697 54 185 900

OR Series S16 Untreated| 6.3 39 43 18 2.7 558 27711 66 501 1100
s17unt,sieved| 6.2 62 22 16 2.8 2042 60620 188 1696 2506

OR Series S18 T2 6.2 39 31 31 5.2 4634 193042 294 3086 3122
s19t2,new,sieved| 5.7 45 31 24 3.6 118 34039 28 175 1370
s19unt,new,again| 5.2 45 31 24 28 110 31826 28 93 1472

OR Series S20T2| 6.5 32 29 39 3.7 8065 48710 284 1763 3614

OR Series S20 Untreated| 6.9 34 27 39 3.6 5974 138606 242 1608 3098
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Figure 5.1

A — antigorite, B — brucite, Ch — chromite, Cl — clinochlore, Co — cordierite,
Ct — chlorite, E — enstatite, F — forsterite, Fr — ferrosilite, G — goethite, H —
hematite, L — lizardite, L2 - Lizardite 2H1, M — magnetite, P — pyroxene, Pg
— pargasite, Q — quartz, T —talc. The sand, silt and clay fraction
diffractograms are shown in this figure. DT signifies “Dithionite Treated”
clay fractions that were treated with the citrate dithionite method to remove
iron oxides. In the DT samples, the disappearance of peaks associated with
hematite, magnetite and goethite can be noted when compared to the non-
treated samples. Enstatite is a common mineral found in many serpentine
soils. Quartz and clinochlore are also common. The clay fraction is
commonly composed of serpentine minerals, iron oxides and clinochlore.
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Figure 5.2 XRD spectra of nickel enriched and serpentine minerals, some used as
standards for EXAFS LCF. A comparison of JR3 bedrock and serpentine
96 indicates the bedrock is mostly serpentine mineral.
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Figure 5.3 Bulk EXAFS of Oregon, California, and Maryland soils and Soil Fractions.
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Figure 5.4 Set 1 of Standards Used in Linear Combination Fitting of Serpentine Soils”.
*Some raw spectra presented in this figure were originally published in one
of the following sources: Arai, 2008; Ford et al., 1999; McNear et al., 2007;
Peltier et al., 2006; Scheinost and Sparks, 2000; Yamaguchi et al., 2002; or
Zhu et al., 2010.
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Set 2 of Standards Used in Linear Combination Fitting of Serpentine Soils®.
*Some raw spectra presented in this figure were originally published in one

of the following sources: Arai, 2008; Ford et al., 1999; McNear et al., 2007,
Peltier et al., 2006; Scheinost and Sparks, 2000; Yamaguchi et al., 2002; or

Zhu et al., 2010.
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Figure 5.6  Set 3 of Standards Used in Linear Combination Fitting of Serpentine Soils®.
*Some raw spectra presented in this figure were originally published in one
of the following sources: Arai, 2008; Ford et al., 1999; McNear et al., 2007;
Peltier et al., 2006; Scheinost and Sparks, 2000; Yamaguchi et al., 2002; or
Zhu et al., 2010.
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Figure 5.7 Set 4 of Standards Used in Linear Combination Fitting of Serpentine Soils®.
*Some raw spectra presented in this figure were originally published in one
of the following sources: Arai, 2008; Ford et al., 1999; McNear et al., 2007;
Peltier et al., 2006; Scheinost and Sparks, 2000; Yamaguchi et al., 2002; or
Zhu et al., 2010.
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Figure 5.8  Set 5 of Standards Used in Linear Combination Fitting of Serpentine Soils”.
*Some raw spectra presented in this figure were originally published in one
of the following sources: Arai, 2008; Ford et al., 1999; McNear et al., 2007;
Peltier et al., 2006; Scheinost and Sparks, 2000; Yamaguchi et al., 2002; or
Zhu et al., 2010.
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Figure 5.10 Set 7 of Standards Used in Linear Combination Fitting of Serpentine Soils®.

*Some raw spectra presented in this figure were originally published in one

of the following sources:
Peltier et al., 2006;
Zhu et al., 2010.
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Figure 5.11 Bulk Ni K-edge EXAFS spectra of Oregon S20U sample. The four spectra
represent the different particle size fractions. The left side of the figure is the
data in k-space and the right side of the figure are the Fourier Transformed
Radial Structure Function spectra. Spectra from the clay, silt, sand and
whole soil are shown (top to bottom). The clay fraction and whole soil
fraction have smaller second shell peaks as compared to the silt and sand
fractions. This is due to the difference in nickel speciation in each size
fraction. A linear combination fit of the whole fraction spectra (bottom)
using the other three spectra determine that the clay portion (sub-2 um
fraction) contribute to more than 80% of the whole soil fraction, showing
the dominance of the clay fraction in terms of nickel speciation in this
sample.
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Figure 5.12 This LCF of S20UNT whole fraction soil using EXAFS spectra taken from
each of its particle size fractions shows that the clay fraction accounts for
77% of the nickel signal. A significant portion of nickel is located in the
clay fraction.

10

187



Ni adsorbed to Goethite .......... 24%

Structural Ni in Goethite ......... 27%
NI=-MNOX aeeeeeeeee e eee e 49%
R-faCtOr e, 0.017
6 ] s20unt_clay
— Fit

1K)k

k (A

Figure 5.13 A LCF of Ni K-edge bulk EXAFS of the clay fraction of Oregon soil S20U.
Three major species 1.) Ni adsorbed to goethite, 2.) nickel incorporated into
structural goethite, and 3.) Ni-bound to manganese oxides were found as the
major species, with each contributing 24%, 27% and 49% to the spectrum,
respectively. This indicates that iron and manganese oxides play a critical
role in the clay fraction of nickel speciation in this serpentine soil.
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Figure 5.14 An example of a petrographic thin section 30 pm thick (left), and a
close up photo of the area raster scanned by the synchrotron micro-
beam at SSRL BL 2-3. This figure illustrates on an eye-level scale
the procedure and information obtained from micro-fluorescence.
Photos taken with microscope camera at NSLS X27A.
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Figure 5.15 This micro-XRF map is of California soil COII 0-2cm. Elemental
fluorescence of Ni, Mn, Fe, and Cr is shown. In these maps, nickel is highly
correlated with manganese in a particle in the lower left of the map. Iron is
also present but distributed differently. Additionally, iron is present in a
larger particle along with lower concentrations of nickel in the upper
central/left portion of the map. Chromium is not associated with other
elements shown here, which is common for chromite particles typically
found in serpentine soils.
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Figure 5.16 This micro-XRF map is of California soil COII 0-2cm. Elemental
fluorescence of Ni, Mn, and Fe is shown. Here nickel is abundant in the
majority of the particle, but there appears a vein in the middle of the particle
where iron and manganese accumulate together and nickel concentration
decreases.
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Figure 5.17 Micro-XRF map of California soil COII 0-2cm. Elemental fluorescence of
Ni, Mn and Fe is shown separately. In this particle the distribution of nickel
appears to be similar is several areas to this distribution of manganese.
While iron is distributed throughout the particle, there are several areas
significantly higher in iron concentration. Those areas are not associated
with an increase in nickel or manganese.
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Figure 5.18 Elemental Maps in Oregon Soil S10T2 Sand Fraction.
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Figure 5.19 Micro-XRD Diffractograms from Oregon Soil S10T2 Sand Fraction.
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Figure 5.20 Elemental Maps and Correlations in Oregon Soil S10T2 Silt Fraction.
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Figure 5.21 Micro-XRD Spectra from Oregon Soil S10T2 Silt Faction.
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Figure 5.22

This figure contains u-SXRF maps and pu-SXRD spectra of Oregon soil
S10T2 - Clay fraction. The XRF map is gray because this is the clay fraction
(sub-2 pm), which is the same size and smaller than the beam itself at SSRL
BL 2-3. Because the sample particle sizes are the same and smaller than the
beam the elements are homogeneously distributed throughout the map,
making any meaningful correlations between different elements (e.g., Fe,
Ni, Mn, Cr) impossible. The inability to find heterogeneity in the sample is
highlighted by the correlation plot in the lower left corner, where Ni
correlates with all elements. u-SXRD was carried out on several hotspots,
and the arrows indicate the corresponding integrated, background subtracted
diffractograms in 2-theta. The three diffractograms also are very similar,
indicating the homogeneity of the clay fraction. Several iron oxides, a
serpentine mineral, and a phyllosilicate are identified via peak matching.
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PERMISSION FOR SCHEINOST ET AL. (1999)

20, Andreas C

“Reprinted from Geochimica et Cosmochimica Acta, 63 /19

Scheinost, Robert G Ford, Donald L Sparks, The role of Al in the formation of secondary

Ni precipitates on pyrophyllite, gibbsite, talc, and amorphous silica: a DRS study, 3193-

3203, (1999), with permission from Elsevier.”
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Springer and the original publisher Plant and Soil, 359:71-83, 2012,
Hyperaccumulation of nickel by Alyssum corsicum is related to solubility of Ni mineral
species, Tiziana Centofanti, Matthew G. Siebecker, Rufus L. Chaney, Allen P. Davis,
and Donald L. Sparks, Abstract License Number 3276090407483, Figures License
Number 3276090323389 , Full text License Number 3276090156095 is given to the
publication in which the material was originally published, by adding; with kind

permission from Springer Science and Business Media"
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