INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UM films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6 x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






SPECIATION AND SORPTION MECHANISMS OF METALS IN SOILS
USING BULK AND MICRO-FOCUSED SPECTROSCOPIC AND
MICROSCOPIC TECHNIQUES

by

Darryl R. Roberts

A dissertation submitted to the Faculty of the University ot Deiaware in

partial fulfillment of the requirements for the degree of Doctor of Philosophy in Plant
and Soil Sciences

Summer 2001

© 2001 Darryl R. Roberts
All Rights Reserved



UMI Number: 3025828

®

UMI

UMI Microform 3025828

Copyright 2002 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Leaming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346




SPECIATION AND SORPTION MECHANISMS OF METALS IN SOILS
USING BULK AND MICRO-FOCUSSED SPECTROSCOPIC AND

Approved:

Approved:

Approved:

MICROSOPIC TECHNIQUES

by

Darryl R. Roberts

/Oiﬂ\v&)& \J\/%Vé”

Donald L. Sparks, Ph.D.V
Chair of the Department of Plant and Soil Sciences

L%.;u. Moo

Robin W. Morgan, P}.D.
Acting Dean of the College of Agriculture and Natural Resources

A At

TA

Conrado m:.énpeéaw II, Ph.D.
Vice Provost for Academic Programs and Planning



Signed:

Signed:

Signed:

Signed:

[ certify that I have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Donald L. Sparks, P§.D.

Professor in charge of dissertation

[ certify that [ have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Herbert E. Allen, Ph.D.
Member of dissertation committee

[ certify that [ have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

=k el Q

Steven K. Dentel. Ph.D.
Member of dissertation committee

[ certify that I have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Yo

Yan Jin, Ph.D.
Member of dissertation committee



ACKNOWLEDGMENTS

While at the University of Delaware several people made my journey
extremely interesting and rewarding. First and foremost [ wish to thank Dr. Donald L.
Sparks for giving me the opportunity to do this research and for providing me with a
positive and fruitful academic environment. Thanks to “Uncle™ Jerry Hendricks for his
support. late nights at the beamlines and for his friendship. Thanks to Drs. Andreas
Scheinost. Andre Scheidegger. and Robert Ford for their knowledge. assistance and
inspiration during my graduate work. Thanks to the members of the UDel
Environmental Soil Chemistry Research group for making the working environment
both fun and interesting. Without them my career at the University of Delaware would
not be as remarkable. Thanks to the members of my dissertation committee for giving
me insights from their own perspective.

Several people have been involved with helping me gather and understand
my data. [ have taken numerous trips to the National Synchrotron Light Source and the
X-11A and X-26a beamline staffs were critical in the data acquisition process. This
included Tony Lanzarotti. Kumi Pandya. and Larry Ferraeri. Steve Sutton. Matt
Newville and Nancy Lazarus provided an enjoyable experience at Argonne National
Lab for collection of micro-EXAFS data. Geraldine Lamble assisted with data
acquisition while at Berkeley National Lab. Thanks to Brian McCandless of the [EC
and Raol Lobo of the University of Delaware for allowing me to collect XRD data on
their instruments. Thanks to Ken Levy at Johns Hopkins University and Giorgio
Senesi for assistancewith electron microprobe data collection and interpretation.

Thanks to Carolyn Golt and Cathy Olsen and for ICP and AAS analyses.

iv



While at Delaware [ met Mary Jane. An amazing twist of fate and icing to
an already great life experience. She amazed in here ability to make me smile. have
confidence in me. and for reminding me that life is meant to be lived. And last. but
certainly not least. a big old heart-felt thank you to all of my family and friends in
California. Mom. dad. Scotty. Holly. Kim. Nate and everyone else - [ really appreciate

your love and unending support.



TABLE OF CONTENTS

LIST OF TABLES.... . rerereeseeenstnnas ix
LIST OF FIGURES reveser st se e asa st s se e s nenns X
ABSTRACT . . Xiil
Chapter
1 INTRODUCTION
1.1 Research Motivation. . 1
1.2 Metal Sorption MeChaniSMS.............oeemmeeeeemereeeeseeeeeeeeoeeooeooooo 7
1.2.1 Metal Cation Adsorption ......... .8
1.2.2 Specific Adsorption Phenomena....................... 9
1.2.3 Non-Specific Adsorption Phenomena................oovevoeovooooo 10
1.2.4 Dittusion ....ececevverveveveeereecereennn. reeesreseeneanrennes 12
1.2.5 Precipitation setesrenernesrerssesatr s s essssrensrsssasanesrssresabesnessos 13
1.3 Metal Desorption/Dissolution From Soils and Soil C omponents.............. 19
1.4 Time Scales and Kinetics of Metal Sorption Reactions . 2
1.5 Use of Analytical Techniques to Identify Metal Surface Precipitates....... 25
1.5.1 Spectroscopic Techniques . 25
1.5.2 Microscopic Techniques .27
1.6 Nickel and Zinc Sorption Behavior and Chemistry .28
L. 1 INICKEL oo eeee e 29
1.6.2 Zinc..................... 32
1.7 Research Justification 35
1.8 Objectives of Research 36
1.9 References ...... 37
2 AN XAFS STUDY OF THE KINETICS AND MECHANISMS OF
MIXED NICKEL ALUMINUM HYDROXIDE FORMATION AND
DISSOLUTION ON A SOIL CLAY MINERAL FRACTION.............. 48
2.1 Abstract 48
2.2 Introduction 49
2.3 Materials and Methods 52
2.3.1 Materials 52




Macroscopic Sorption Studies..

54

56

l\) I

3.2
.3.3 Desorption Studies...............
3.4 XAFS Analysis

57

2.4 Results and Discussion.........

.60

2.4.1 Macroscopic Ni Sorption..........ccooeeeeerremnnn.....
2.4.2 XAFS Analyses of Ni-reacted Clay at pH 7.5

60
64

2.4.3 XAFS Analyses of Ni-reacted Clay at pH 6.8

244 XAFS Analyses of Ni-reacted Clay at pH 6.0

2.4.5 XAFS Analyses of Ni-reacted Whole Soil at pH 7.5

2.4.6 Desorption of Ni from Soil Clay Fraction....
2.6 References..............

...............

DETERMINATION OF Zn(II) COMPLEXATION ON Al AND Si

OXIDES USING XAFS SPECTROSCOPY

............................ 71

............................ 74
................. 77
e 19
..83

.......

LI W W
G N —
5
y 5
[@]

[a%

[

(2]
=
(=]
=

...........................

3.3.1 Solid Materials...........ooevvmeeo,

3.3.2 Adsorption Experiments..............

1A

3.3.3 XAFS Analysis and Interpretation..........

......

3.4 Results and Discussion.............ooenoeoon.

.........

3.4.1 Macroscopic Zn Sorption....

3.4.2 XAFS Analysis of Zn-reacted Amorphous Silica
3.4.3 XAFS Analysis of Zn-reacted Gibbsite ..

.............

............

3.5 Concluding Points..................

3.6 References ...........

.......

ZINC SPECIATION IN CONTAMINATED SOILS IN THE

VICINITY OF THE PALMERTON, PA SMELTER USING BULK

AND MICRO-XAFS SPECTROSCOPIES....

4.1 Abstract

4.2 Introduction

4.3 Methods and Materials

4.3.1 Site Description and Sampling ..
4.3.2 Methods

4.3.3 X-ray Absorption Fine Structure (XAFS)

4.3.4 Micro-XAFS and Micro-SXRF ...

4.3.5 Desorption Experiments

4.4 Results and Discussion

4.4.1 Bulk Phase Analysis.

. 124

124
125
131

- 131
- 132

133
136
138
138
138



4.4.2 Bulk XAFS Analysis.......c.cocooevmreemreeecnen..
4.4.3 Micro-Spectroscopic Analysis .

4.4.4 Zinc Desorption Behavior....

.....

4.4.5 Environmental Significance ................
4.5 References ......

......

5 SUMMARY AND FUTURE RESEARCH NEEDS

viii

.....



Table 2.1

Table 3.1

Table 3.2

Table 3.3
Table 3.4
Table 4.1
Table 4.2

Table 4.3

LIST OF TABLES

XAFS-derived structural parameters of Ni sorbed on soil clay at
pH 6.0. 6.8. and 7.5 and for Ni-bearing minerals

Sample preparation conditions for Zn(II) sorption on amorphous
silica. Electrolyte is NaNOs for all samples. Letters refer to
spectra in Figure 3.5

Sample preparation conditions for Zn(II) sorption on Al oxides.
Electrolyte is NaNO; for ail samples. Samples a-f were

performed on HSA gibbsite. Letters refer to spectra in Figure 3.7....

Results form XAFS analysis of Zn sorbed to amorphous silica

Results form XAFS analysis of Zn sorbed to aluminum oxides

XAFS parameters for reference mineral and sorption samples. ........

XAFS fit results for soil samples

Linear combinations of fit results..

X

...............................

.....

........

.......

.......

.....

.104

.. 145



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

LIST OF FIGURES

Nickel sorption edge on Matapeake soil clay fraction at an initial

Ni(II) concentration of 3 mM. LS. = 0.1 M in NaNOs. and 10 g L
solid/solution ratio. Arrows represent the pH values selected to

perform the sorption kinetic and XAFS studies .. . e 62

Ni sorption kinetics on soil clay fraction at pH = 6.0. 6.8 and 7.5. a) Ni
sorption within 25 hours. b) Ni sorption over entire reaction period. [ =
0.1 M in NaNOs. [Ni], = 3mM. solid/solution = 10g L™....................60

Results of EXAFS experiments performed at pH 7.5. a) k’-

weighted. normalized. background-subtracted chi-functions for Ni
sorbed on soil clay for different times and whole soil. b) Fourier
transforms of chi-functions in Figure 2a. uncorrected for phase

shift. The arrows in (a) show evidence of LDH formation. ................. 65

Experimental kK’ -weighted XAFS data (solid line) of Fourier back-
transtormed spectra in comparison to theoretical spectra (dotted
line) using multi-shell least-squares fitting for pH 7.5 samples............. 66

Results of XAFS experiments performed at pH 6.8. a) k’-

weighted. normalized. background-subtracted chi-functions for Ni
sorbed on soil clay for different times. b) Fourier transforms of
chi-functions in Figure 2.5a. uncorrected for phase shift...................... 2

Experimental K’ -weighted XAFS data (solid line) of Fourier back-
transformed spectra in comparison to theoretical spectra (dotted line)
using multi-shell least-squares fitting for pH 6.8 samples.... ................. 73

Results of XAFS experiments performed at pH 6.0. a) k’-

weighted. normalized. background-subtracted chi-functions for Ni
sorbed on soil clay for different times. b) Fourier transforms of
chi-functions in Figure 2.7a. uncorrected for phase shift...................... 75

Experimental ks-weighted XAFS data (solid line) of Fourier back-
transformed spectra in comparison to theoretical spectra (dotted line)
using multi-shell least-squares fitting for pH 6.0 samples..................... 75



Figure 2.9

Figure 2.10

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 4.1

Figure 4.2

Nickel desorption kinetics from Matapeake soil clay fraction after
an initial reaction time of | hour, 1 day, 1 month and 6 months at
pH 7.5. The percentage removed is relative to the amount sorbed

at the end of the specified reaction time.......

Nickel desorption kinetics from Matapeake soil clay fraction after

an initial sorption time of 1 month at either pH 6.0. 6.8 or 7.5...........

Zn sorption (pH) edges on amorphous silicaat [=0.1 Mand [ =
0.005 M NaNOs. The arrows denote approximate reaction

conditions under which XAFS samples were collected. .....................

Zn sorption (pH) edges on HSA gibbsite at [=0.l M and [ =
0.005 M NaNOs. The arrows denote approximate reaction

conditions under which XAFS samples were collected. .....................
Zn sorption kinetics on amorphous silica.............ocueeeeeeeeernemrernnn.

Zn sorption kinetics on LSA and HSA gibbsite........eoovvevovvmreenn .

Zn-XAFS chi spectra weighted by k* (solid lines) and resuits from
nonlinear least squares fitting (otted lines) for Zn sorbed on
amorphous silica (B-). Corresponding Fourier transforms are in
the right panel. The dotted line in the left panel serves to
distinguish inner-sphere Zn spectra form outer-sphere Zn
spectra... eererrresanaereraaenns

Zn-XAFS chi spectra weighted by k* (left) and corresponding
Fourier transforms for Zn-bearing reference compounds. The

bottom three spectra are a result of simulations from FEFF 7.0.... .....

Zn-XAFS chi spectra weighted by k* (solid lines) and results from
nonlinear least squares fitting (dotted lines) for Zn sorbed on HSA
gibbsite (A-F) and LSA gibbsite (G). Corresponding Fourier
transforms are in the right panel. The arrows on the left panel
point out the splitting in the oscillations

...............................

Schematic illustrating the experimental design of the stirred-flow

Representative backscattered electron (BSE) images and X-ray
elemental dot maps for Al SI. Zn. Mn. K. Fe. S. and Pb in the
surface soil. Data collected on polished. thin sections using
electron microprobe

80

.82

101

.102

. 109

.. 114

139

.. 141



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.8

Representative backscattered electron (BSE) images and X-ray
elemental dot maps for Al SI, Zn, Mn, K. Fe, S. and Pb in the
subsurface soil. Data collected on polished. thin sections using

electron microprobe . . . 142

Normalized Zn-XAFS chi spectra weighted by k’ of reference
Zn-bearing minerals and sorption phases. .... 144

Normalized Zn-XAFS chi spectra weighted by k* (left panel) and
corresponding Fourier transforms (right panel) of surface and

subsurface samples using bulk-XAFS. In the left panel. the solid

lines are the raw data and the dotted lines are fit results from

linear combinations of chi data. In the right panel. solid lines

represent experimental data and dashed lines represent results

from non-linear. least squares fitting of individual shells..................... 146

Micro-SXRF elemental maps for Mn. Zn. and Fe in the Palmerton
surface sample. The numbered arrows indicate points where u-XANES
spectra were collected (Figure 4.8). The color bar to the right indicates
relative metal concentration (arbitrary units). .......ooooeevevveevennn.. 152

Micro-SXRF elemental maps for Mn. Zn. and Fe in the Palmerton
subsurface sample. The numbered arrows indicate points where u-
XAFS spectra were collected (Figure 4.9). The color bar to the right
indicates relative metal concentration (arbitrary

units)

Micro-XANES spectra for three Zn spots in the surtace soil
(Figure 4.6) compared to reference sphalerite and franklinite
MURETALS. «.ooeeeeereece st eereesemsess e 155

Normalized Zn-XAFS chi spectra weighted by k’ (left panel) and
corresponding Fourier transforms (right panel) of surface and

subsurface samples using micro-focused XAFS. In the left panel.

the solid lines are the raw data and the dotted lines are fit results

from linear combinations of chi data. In the right panel. solid

lines represent experimental data and dashed lines represent

results from non-linear. least squares fitting of individual shells......... 158

Zn desorption form surface and subsurface soil samples. The top
panel is displayed as cumulative effluent and the bottom panel as
percent Zn desorbed. 160

xii



ABSTRACT

Due to anthropogenic processes. including metal smelting and refining,
land application of biosolids. and other industrial processes. heavy metals are often
found in very high concentrations in soils. Elevated levels of heavy metals in soils can
cause phytotoxicity and can ultimately result in pronounced environmental
degradation. The mobility and ultimate fate of metals in the environment is greatly
dependent on reactions occurring at the interface between solid surfaces found in soils
soil solutions. Understanding these reactions is of crucial importance for predicting
the long term fate of metals in surface and subsurface environments. In this study.
metal sorption mechanisms to several solid phases was investigated using an array of
analytical techniques so that direct identification of mechanisms could be achieved.

The kinetics and mechanisms of Ni sorption on a Delaware soil and soil
clay mineral fraction were monitored using X-ray absorption fine structure (XAFS)
spectroscopy. Above a pH value of 6.8. formation of Ni-Al layer double hydroxide
(Ni-Al LDH) phases was a major mechanisms for Ni removal from solution. This is
one of the first studies to have identified LDH phases in soils. Ni in precipitated LDH
phases was more resistant to desorption compared to systems in which no precipitation
occurred. Moreover, an increased aging time had a stabilizing effect on Ni-Al LDH
phases.

Zinc may also forms Zn-Al LDH phases upon sorption to clay minerals
and oxides. To assess this. Zn sorption kinetics and mechanisms on amorphous silica
and gibbsite were monitored using XAFS spectroscopy. In the presence of amorphous
silica, Zn did not favor precipitate formation and was present mostly as inner-sphere

sorption complexes bound to silica tetrahedra in a tetrahderal geometry. Only at



increased values of Zn on the silica surface did evidence of a precipitate phase occur.
In the case of high surface area gibbsite, Zn formed inner-sphere sorption complexes
to alumina octahedra in a distorted octahedral geometry. [n the case of low surface
area gibbsite a Zn-Al LDH phase formed at pH 7.5. The resuits indicate Zn has
variable speciation when adsorbed to the two metal oxide phases.

Using the spectroscopic information gleaned for Ni and Zn sorption to
laboratory-contaminated systems. direct identification of Zn species in a contaminated
soil was investigated. The soils of the Blue Mountain operable unit near the former Zn
smelter at Palmerton. PA are devegetated due to elevated levels of heavy metals. In
the surface soil XAFS was used to directly identify ZnFe,0, (franklinite) and ZnS
(sphalerite). mineral phases introduced to the soils as a result of the smelting
operations. Results indicated that upon their dissolution. Zn re-mobilized and
repartitioned in the subsurface soil. binding to Al. Fe. and Mn oxide minerals. Micro-
XAFS was employed to determine the micro-scale heterogeneity in this complicated
system. Zn was found to be more bound to Al-bearing minerals relative to Mn and Fe
minerals. Zinc was more labile in the subsurface soil where it was found to oceur in

both outer- and inner- sphere sorption complexes.
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Chapter 1

INTRODUCTION

1.1 Research Motivation

Contamination of surface and subsurface environments via anthropogenic inputs
has established the need to understand metal-soil interactions. Heavy metals may enter
soil and aquatic environments via application of sewage sludge. municipal composts.
mine wastes. dredged materials. fly ash. and atmospheric deposits (Forstner. 1995). Of
the 1000 superfund sites named in the United States’ National Priority List of 1986.
40% were reported to have metal problems (EPA. 1986). The fate and mobility of these
metals in soils and sediments is of concern because of potential bioaccumulation. food
chain magnification, and human exposure (Hering, 1995). Thus. remediation of
contaminated soils and sediments containing excessive amounts of heavy metals is of
utmost importance to ensure environmental quality. Before any remediation strategy
can be attempted one must first determine and understand the interaction of metal ions
with soils and soil constituents.

The multiple sorbents in soils include clay minerals. metal oxides. and organic
material. Metals can potentially bind to these sorbents by a number of sorption

processes. including adsorption and precipitation. The degree to which metals partition



to these sorbents ultimately controls their fate and bioavailability in the environment.
The heterogeneous nature of soils has made it difficult to determine the exact
mechanisms by which divalent metals sorb to soil materials and most studies concerned
with metal sorption behavior in soils have relied solely on macroscopic approaches. To
help alleviate this difficulty numerous metal sorption studies have used single
component systems including reference clay minerals, metal oxides and organic
materials. When coupled with advanced microscopic and spectroscopic techniques.
these single component studies may elucidate metal sorption and desorption reaction
mechanisms. However. while metal sorption studies on isolated mineral and oxide
phases may help discern sorption mechanisms in these specific cases. it can be difficult
to apply these findings to actual soil environments.

One of the major limitations in identifying metal sorption mechanisms in soils
has been the lack of sophisticated analytical tools capable of probing the local chemical
environment of a specific contaminant (i.e.. metal. oxyanion. organic compound). To
overcome these limitations several soil-metal sorption studies have relied on indirect
approaches. For example. chemical extraction techniques estimate the soil
component(s) with which a particular contaminant is partitioned. Another approach has
been to model metal sorption data based on 24 hour equilibrium-based studies and make
assessments about sorption mechanisms depending on the slope or shape of an
isotherm. While these types of studies may be useful to make general comparisons
between metal sorption studies. one should not rely on results from these studies to

define sorption mechanisms.
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The advent of cutting-edge analytical tools and their application to geochemical
and earth science studies has enabled researchers to elucidate sorption mechanisms on
materials typically found in soil environments. By probing a particular element on the
molecular level it is possible to directly identify sorption complexes and gain
information on chemical speciation. As previously stated. most studies using advanced
molecular-level techniques have investigated systems composed of individual reference
sorbents (ie. carbonates. metal oxides. aluminosilicates) and individual sorbates. While
such studies are the essential first step in understanding the behavior of contaminants in
the soil environment. one is unlikely to find such isolated systems in nature. As
techniques evolve and are combined. more complex sorption systems may be studied
and predictions about contaminants in subsurface environments may improve.

There remains a need to extend our findings of metal sorption behavior on
model mineral and clay systems using advanced analytical techniques to more real-
world natural settings. When attempting to undertake such an arduous challenge one
should be aware of possible shortcomings of each technique and be prudent in making
assessments about metal sorption mechanisms and speciation. Additionally. one should
not rely too heavily on one technique as each has their shortcomings in addition to their
strengths. The research presented here will attempt to better understand metal ion
behavior in soil systems by 1) studying a range of reaction conditions. 2) combining
several analytical techniques. and 3) investigating homogeneous systems in addition to

heterogeneous ones.
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The application of spectroscopic and microscopic tools to study metal sorption
studies has prompted some researchers to reevaluate some of the results attained from
macroscopic sorption experiments. An example of this is the use of X-ray absorption
fine structure (XAFS) spectroscopy to monitor the sorption of heavy metal ions onto
clay minerals and metal oxides. It has traditionally been thought that the primary
mechanism for metal removal from solution in the presence of soils and soil materials
was an adsorption phenomenon. or a two-dimensional accumulation at the mineral
surface. The adsorption complex formed can vary from mono- to bidentate or inner- vs.
outersphere. Only after long sorption periods (months-years) and with high
concentrations of metal ions (i.e.. above the solubility limit of the metal-hydroxide
phase) was the phenomenon of metal precipitate formation thought to be of much
importance. Recent XAFS studies have shown the formation of precipitates during
metal sorption to mineral and oxide surfaces over rapid time scales. at pH levels
undersaturated with respect to pure metal hydroxide solubility. and at metal surface
coverages below a theoretical monolayer coverage (Charlet and Manceau. 1992:
Chisholm-Brause et al.. 1990: Fendorf et al.. 1994a: O'Day et al.. 1994a; O'Day et al..
1996: Scheidegger et al.. 1996b: Towle et al.. 1997;: Weesner and Bleam. 1997: Xia et
al., 1997). The formation of such precipitates may result in stabilization of metals in soil
environments and merits further investigation. These results demonstrate the
importance of using advanced analytical techniques to investigate metal sorption

behavior in soil environments.



While it has been shown that the formation of metal surface precipitate phases
are important in “pure” systems in which individual sorption phases are present. the
question still remains as to the likelihood of such phases forming in actual soil
environments. Unlike pure mineral/oxide studies of metal sorption under a limited
reaction range. soil environments are characterized by a variety of potentially
competitive sorption sites (including different inorganic and organic phases). a range of
pH and metal concentration values. competing metal ions. a range of ionic strength
levels, various anions. variable temperatures. wetting and drying cycles. and long
periods in which the contaminant is in contact with sorbents. The complexity of soil
has also made it exceedingly difficult to apply many advanced analytical techniques.
leading to studies on more model systems. One approach would be to gradually increase
the complexity of the sorbent phase so it is more heterogeneous than individual mineral
phases, but not too complex as to make it difficult to apply spectroscopic and
microscopic tools. n order to achieve this it is necessary to use an array of techniques
that may complement each other. ensure that the sorbent phases are thoroughly
characterized. couple the molecular-scale studies with macroscopic approaches. While
it may be an arduous task to look at a broad array of reaction conditions. solid surfaces.
and a range of time scales. it is crucial to undertake this task if one wants to definitively
determine the likelihood of metal precipitates forming in complex soil environments.

In addition to using analytical techniques to understand metal sorption behavior
in studies. it is also useful to monitor the sorption kinetics to better understand the

changes that may occur in the structure of a sorption phase over time. Several studies



have assumed a thermodynamic-based situation in soils whereby it was thought the
sorbate phase was in equilibrium with the sorbent after sorption times as short as 24
hours. While this may appear to be true since the majority of the metal is removed from
solution in this time. slow sorption processes via various mechanisms may occur and
the metal-solid phase that initially formed over short times may change or become more
stable over longer times. Considering the length of time metal contaminants may be in
contact with sorbent phases in actual soil environments, it is critical to investigate
sorption phenomena over long reaction times to more accurately describe the fate and
mobility of metals in subsurface environments.

The proposed research will attempt to better understand the conditions that
control Ni and Zn sorption reactions in soil environments. specifically the formation of
metal precipitates. The approach here will be to combine macroscopic methods with
molecular-level investigations. A range of time scales and reaction conditions will be
used to help simulate actual soil environments. [n addition. the release of Ni and Zn
from sorbent phases will be studied to aid in understanding the factors that control their
mobility and availability in the environment. By combining analytical techniques and
carefully monitoring sorption kinetics it may be possible to understand metal precipitate
formation mechanisms in soil environments. This information may be useful to
incorporate into models that seek to predict the fate of heavy metals in the surface and

subsurface environment.



1.2 Metal Sorption Mechanisms

The removal of metals from soil solutions by inorganic and organic phases is a
process by which toxic metals can be sequestered. potentially alleviating deleterious
environmental effects. The importance of metal partitioning to soil components (clay
minerals, metal oxides, organic material, microorganisms) has lead to numerous studies
intent on identifying the processes that control the sequestration of heavy metals (As,
Cd. Co. Cu, Ni. Pb. Zn. Cr) by these soil components. The multitude of reactive sites
which are found in soils such as organic material. oxides of Al Fe. and Mn. and silicate
mineral edge. planar and interlayer sites. make the study of metal sorption on soils
difficult. especially when one tries to determine reaction and sorption mechanisms. The
studies performed in the literature on metal sorption range from whole soil studies to
individual soil component studies such as metal oxides. phyllosilicates. and organic
materials and have investigated a wide variety of reaction conditions ( Mattigod et al..
1979: Puls et al.. 1991: Spark et al.. 1995: Theis and Richter. 1980: Tiller et al.. 1984a:
Traina and Doner. 1985: Yin et al.. 1996).

The mechanism of metal removal from solution onto a solid material is
dependent on several factors including the type of metal ion. the sorbent phase. solution
pH. ionic strength. metal concentration and the length of the reaction. [tis possible that
several mechanisms may contribute to the removal of a metal ion from solution
concurrently. The broad classification given to the removal of chemical species from
solution is termed sorption. Sorption is a general term used when the retention

mechanism of a chemical species at a solid interface is unknown (Sparks. 1995a). This



broad classification includes a variety of mechanisms that will be discussed in the
following sections. The metal sorption mechanism is dependent on the several
parameters listed above and these will be briefly discussed in the subsequent sections.
The research review below will discuss the various metal sorption mechanisms possible

in soils with an emphasis placed on precipitate formation

1.2.1 Metal Cation Adsorption

Adsorption is defined as the net accumulation of matter at the interface between
a solid phase and an aqueous solution phase (Sposito. 1989). This term is limited to the
formation of two-dimensional molecular arrangements and does not include the
formation of three-dimensional phases or diffusion phenomena (Scheidegger and
Sparks. 1996a). There are essentially three mechanisms by which a metal ion can
adsorb to a soil surface. These mechanisms include inner-sphere complex formation.
outer-sphere complex formation. and a diffuse-ion association whereby the ion does not
form a complex with a surface functional group (Sposito. 1989). Outer-sphere
complexes and diffuse ion swarms are considered weak. physical interactions while
inner-sphere complexes are considered to be strong. chemical interactions (Scheidegger
and Sparks, 1996a).

Adsorption isotherms have often been used by researchers to describe metal ion
sorption behavior on soils and soil constituents. These involve the adsorption of the

metal from solution at constant pH as a function of metal ion concentration (McBride.



1994). Most studies of this nature were carried out for 24 hours because it was assumed
the reaction reached completion. The data generated are then described by one of
many equilibrium-based adsorption isotherms with the notion that the sorption
mechanism can be gleaned. However. field soils are rarely at equilibrium and
adsorption isotherms are purely descriptions of macroscopic data and do not definitively
prove a reaction mechanism (Sparks. 1995a). Sorption mechanisms may be identified
using molecular-level spectroscopic and microscopic techniques that will be described
later.
1.2.2  Specific Adsorption Phenomena

[nner-sphere complexation (i.e.. chemisorption. specific adsorption) may
involve ionic as well as covalent bonding (Sposito. 1989). This adsorption mechanism
occurs when an adsorbing metal ion bonds directly to oxygen atom(s) at a solid surface
with no water molecules present between the ion and the surface group (McBride. 1994:
Sparks. 1995a). Noncrystalline aluminosilicates (allophanes). oxides. and hydroxides of
Fe. Al and Mn. and even the edges of layer silicate clays to a lesser extent provide
surface sites for the specific adsorption of transition and heavy metals (McBride. 1994).
An adsorptive site is a valence-unsatisfied OH™ or H.0 ligand bound to a metal ion (Fe.
AL or Mn). Inner-sphere complexes can be monodentate (metal bound to one oxygen)
or bidentate (metal bound to two oxygen atoms) (Sparks. 1995a). These types of
complexes are relatively strong and a metal that is chemically adsorbed in this manner
can be considered non-exchangeable. Adsorption by this mechanism is usually

independent of ionic strength and in general metals become increasingly non-



exchangeable as the pH is raised (McBride, 1994; Sparks, 1995a). In general >AI-OH
groups chemisorb metals more effectively than >Si-OH groups on the basis of the ratio
of metal valence to coordination number (McBride. 1994).

Several researchers have used molecular-level techniques to demonstrate the
importance of inner-sphere complex formation between metal ions and soil constituents.
Grossl et al. (1994) used pressure-jump relaxation technique to identify the formation of
a monodentate inner-sphere complex at the Cu/goethite interface. Bergaoui et al.

(1995) investigated Cu sorption on Al-pillared montmorillonite using EPR spectroscopy
to distinguish between different adsorption mechanisms. They found that at low
concentrations. Cu adsorbed on the Al pillared clay through an inner-sphere
mechanism. Papelis and Hayes (1996) investigated Co sorption on montmorillonite as a
function of pH and Na ion concentration. Using XAFS spectroscopy they identified
inner-sphere sorption complexes with increasing pH and Na ion concentration. The
potentially strong inner-sphere complex formed between a metal cation and a sorbent
can provide a way to immobilize metals in surface and subsurface environments. One
should be aware that as a system becomes more complicated. i.e.. competing sorbent
phases or anions are introduced. it becomes increasingly difficult to identify these types

of complexes.

1.2.3 Non-Specific Adsorption Phenomena

Outer-sphere complexation and diffuse-ion association fall under the category of

non-specific adsorption (Sposito. 1989). Partitioning of metals to soil surfaces and ion
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exchange reactions are considered examples of non-specific adsorption (Sparks, 1995a).
The physical forces involved in these types of complexes are generally weaker than
those involved in specific adsorption complexes. A strong dependence on ionic strength
is typical for an outer-sphere complex due to the weak nature of the electrostatic bond
between the metal ion and the surface (Stumm. 1992). Adsorption of ions via outer-
sphere complexation occurs only on surfaces that are of opposite charge to the
adsorbate (Sparks. 1995a). In the case of nonspecific adsorption there s little
dependence on the electron configuration of the surface group and adsorbed ion to be
expected for the interaction of solvated species (Sposito. 1989).

The sorption of metal cations to soil constituents via non-specific adsorption
mechanisms has been demonstrated by several researchers. Koppelman and Dillard
(1977) examined Ni adsorption on kaolinite. chlorite. and illite. Using X-ray
photoelectron spectroscopy (XPS) they concluded that at pH = 6 Ni was adsorbed as an
aquated species. suggesting an outer-sphere adsorption mechanism. Baeyens and
Bradbury (1995) extensively investigated Ni and Zn sorption on montmorillonite over a
range of reaction conditions. They concluded that non-specific adsorption was
characterized by a linear adsorption behavior and independent of pH but strongly
dependent on ionic strength. Bargar et al. (1996) used grazing-incidence X-ray
absorption fine structure (GI-XAFS) to monitor the sorption of Pb on a-AL,Os. They
found that the Pb ions adsorbed as structurally well-defined outer-sphere complexes at

specific sites on the «-Al,Os single crystal surface.
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1.2.4 Diffusion

Diffusion is a physical process whereby a substance can be removed from the
bathing solution around a mineral phase and therefore falls under the broad
classification of sorption. Soils are porous materials consisting of both macropores
(>2nm) and micropores (<2nm) making diffusion a major mechanism of metal sorption,
especially over long time scales found in natural settings (Sparks et al.. 1999). Fora
metal ion to reach all potential sorption sites it must be transported through the bulk
solution. travel through the liquid film on the solid surtace (film diffusion), traverse
pores within an individual particle (intra-particle pore diffusion) or pores between
particles (inter-particle pore diffusion). and penetrate into the solid matrix (Pignatello
and Xing. 1996: Sparks et al.. 1999). Pore diffusion and matrix diftusion are considered
as likely transport-limiting processes (Sparks et al.. 1999). Most research attributes
slow sorption kinetics of metal ions and organic contaminants to some sort of diffusion
limitation due to the porous nature of soil particles and because diffusive constraints are
imminent throughout any sorption experiment (Pignatello and Xing, 1996).

There are several examples in the literature that ascribe slow metal sorption and
desorption behavior to diffusion processes. The kinetics of Ni. Zn. and Cd adsorption
and desorption by goethite were investigated by Bruemmer et al. (1988). The
desorption hysteresis they observed was explained by diffusion-dependent adsorption
and fixation processes of the metal cations inside the goethite structure. Lo and Leckie

(1993) monitored the kinetics of Zn and Cd sorption and desorption onto an amorphous



aluminum oxide assuming a two-domain pore size distribution. Their results showed a
fairly rapid sorption stage whereby Zn and Cd were subject to film diffusion and some
internal diffusion followed by a second. slower sorption stage resulting from internal
mass transport of the metal ions.  Similar observations involving Cd and Se adsorption
on porous aluminum oxides were made by Papelis (1995). XPS results verified the
hypothesis that adsorbate intra-particle diffusion followed by sorption was the
predominant Cd and Se uptake mechanism. Coughlin and Stone (1995) proposed the
nonreversible adsorption of several divalent metal cations sorbed on goethite was due to

slow pore diffusion.

1.2.5 Precipitation

Precipitation is a general term that is defined as an accumulation of a substance
to form a new bulk solid phase. In pure solutions this is a fairly simple phenomenon to
study since the solubility product of a new solid phase must be exceeded prior to
nucleation of a new phase (McBride. 1994). In solutions where a solid phase such asa
clay mineral or metal oxide is present. this scenario increases in complexity since the
solid phase may effect the formation of a new secondary phase. An array of nucleation
processes in soil environments is possible. including: polymer sorption or formation on
a solid surface; coprecipitation with dissolved co-ions derived from the sorbent: and
precipitation on a surface composed of ions from the bulk solution (Sparks et al.. 1999).

In soil solutions. the array of solid phases present may reduce the energy barrier for a

13



new crystal to nucleate, especially when there is crystallographic similarity between the
surface and the precipitate (McBride, 1994).

[n soil solutions and natural waters heterogeneous nucleation. or formation of
crystal nuclei at surfaces of a different solid that is present before the initiation of
precipitation, is much more likely to occur than homogeneous nucleation.
Heterogeneous nucleation may take place at a lower saturation ratio on a solid substrate
surface than in solution (Stumm. 1992). This may explain why many researchers have
observed the formation of metal surface precipitates on mineral and oxide surfaces at
pH values well below the pH where the formation of metal hydroxide precipitates form
in solution (Charlet and Manceau. 1992: d'Espinose de la Callerie et al.. 1995: Fendorf
etal.. 1994a: O'Day et al.. 1994: Scheidegger et al.. 1997: Scheidegger et al.. 1998).
There are still questions remaining as to the exact mechanism of formation of these
types of surface precipitates and the role the solid surface has in their formation.
Current research using molecular level techniques is beginning to answer some of these
questions.

Prior to the formation of a surface precipitate. surface complexation of the
adsorbing metal at the surface is necessary (Sparks. 1995a). At low surface coverages
surface complexation dominates. leading to nucleation as surface coverage increases
more. and finally surface precipitation becomes the dominant mechanism at the highest
surface loadings. However. the critical surface coverage loading necessary for
nucleation is vague and there is clearly a continuum from pure adsorption processes to

the formation of a precipitate. The term “surface induced precipitation™ has been used
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to describe the formation of a precipitate under solution conditions that would, in the
absence of the substrate solid, be undersaturated with respect to any known solid phase
(Towle et al.. 1997). Several hypotheses explaining this “surface-induced” precipitate
formation have been suggested including: formation of a non-uniform coprecipitate of
dissolved ions and sorbate ions resulting in a solid phase with activity below a pure
crystal (Farley et al.. 1985); the solid substrate reduces the energy barrier for nucleation
by providing a sterically similar. yet chemically foreign. surface for nucleation
(McBride. 1989): and a lowering of the solubility of the precipitate due to the lowering
of the dielectric constant of the solution near the surface (O'Day et al.. 1994).
Regardless of the mechanism by which a heterogeneous surface precipitate
forms it is necessary that the surface undergo dissolution to release the co-ions that are
incorporated into the newly formed solid-solution phase. This mineral dissolution may
be the rate-controlling step in the formation of mixed precipitate phases (McBride.
1989). McBride (1994) suggested that the measurement of the concentration of silicon
in a soil solution is essential if the sorption of metal by a soil is under investigation.
since the precipitation of an metal through the incongruent dissolution of
aluminosilicates is accompanied by the release of silicon. Also. the Al concentration in
solution may be measured to assess the degree of mineral dissolution although
concentration levels may be too low to detect. especially if Al is immediately
incorporated into a new phase. The work of Scheidegger et al. (1997) demonstrated the
enhanced dissolution of the clay minerals pyrophyllite and kaolinite as a mixed Ni-Al

hydroxide phase formed. They saw a correlation between the removal of Ni from



solution and the release of Si into solution from the mineral surface. A similar study by
O’Day et al. (1994) suggested the formation of a Co(OH),-like precipitate phase upon
Co sorption to kaolinite was the main sorption mechanism. While they did not directly
measure the dissolution products of kaolinite they did hypothesize that dissolution of
the kaolinite substrate was most likely occurring.

Because the onset of metal chemisorption and the beginning of metal hydroxide
precipiation are not often separated by a wide margin of pH. metal coverage, or reaction
time. macroscopic sorption data alone cannot be use to make distinctions between these
mechanims (McBride. 1994). One must use microscopic and spectroscopic techniques
coupled with macroscopic metal sorption studies to reveal molecular and mechanistic
information (Sparks. 1995a). Several studies of metal cation sorption on soil minerals
and oxides have employed EXAFS spectroscopy to show a distinction between
adsorption and precipitation (Charlet and Manceau. 1992: Cheah et al.. 1998: Chisholm-
Brause et al.. 1990: Fendorf et al.. 1994a: O'Day et al.. 1994a: O'Day et al.. 1996:
Scheidegger et al.. 1996¢: Scheidegger et al.. 1997: Thompson. 1998: Towle et al..
1997: Xia et al.. 1997: dEspinose de la Callerie et al.. 1995). For example. Chisholm-
Brause et al. (1990) studied the sorption of divalent Co on the surfaces of aluminum
oxide. rutile (TiO5). and kaolinite at pH values selected to achieve ~95% Co removal
from solution. After equilibrating for 16-28 h. EXAFS analysis revealed the formation
of multinuclear sorption complexes at surface coverages below one monolayer of Co(Il)
atoms. Fendorf et al. (1994) investigated the sorption of Cr(III) on silica using EXAFS

analysis to discern the local structural environment of the Cr(III). The authors found
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that at pH 6 surface nucleation of the y-CrOOH-type structure occurred prior to
monolayer coverage and under conditions where solution precipitation was not
observed. These advances in identifying the formation of mixed metal surface
precipitates on soil constituents opens a new area of study in that the new phases may
cause a more stable form of the metal in natural settings.

The above studies and others demonstrate the fact that surface precipitation can
be a significant mode of sorption even at low metal loading levels and at field pH
ranges. However. the majority of the experiments investigating metal precipitate
formation in the presence of clay minerals and oxides have involved fairly “clean™
systems in which only one sorbent phase is present or a limited range of experimental
conditions (pH. LS.. metal concentration) are used. To address the lack of research
investigating metal precipitate formation in mixed mineral systems. Elzinga and Sparks
(1999) used XAFS as a tool to characterize Ni sorption in a clay mixture of pyrophyllite
and montmorillonite. Under the time scale investigated (within 40 minutes) it was
established that adsorption was the major Ni uptake mechanism in a single
montmorillonite system and surface precipitation in the pyrophyllite system. When the
clay minerals were mixed together prior to Ni addition. both adsorption and surface
precipitation were important mechanisms in the overall Ni uptake. and neither sorption
mechanism truly out-competed the other over a reaction time of 40 minutes. Elzinga
and Sparks (1999) concluded that both mechanisms should be considered when

modeling Ni sorption in similar systems.
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The formation of metal precipitates on clay minerals and oxides has been
demonstrated in the above studies. but questions still remain as to the stability of these
structures. [n natural settings metal contaminants may have contact with sorbent phases
on the order of several years and reaction conditions such as pH may change
dramatically. Therefore. it is important to consider the effect of residence time. pH and
desorptive agent on metal precipitate dissolution. A study by Scheckel and Sparks
(1999) investigated the dissolution of Ni precipitates from several sorbent phases under
a range of reaction conditions using XAFS spectroscopy. Several observations were
made including, 1) mixed Ni-Al hydroxide precipitates appeared to be more stable
relative to Ni(OH), precipitates. 2) ligands (EDTA. oxalate. acetylacetone) were more
aggressive in their dissolution of Ni precipitates relative to proton promoted dissolution
(HNO; at pH 4 and 6). and 3) with increased residence time the stability of the Ni
precipitates increased. with differences occurring even between 1 vear and 2 year aged
samples.

The reasons for the increased stability of Ni precipitates on the surface of
pyrophyllite was investigated by Ford et al. (1999). They showed a solid-state
transformation of a Ni precipitate formed at the surface of pyrophyllite that resulted in a
dramatic stabilization of sorbed Ni after aging for | vear. Time-resolved
characterization of the surface precipitate via XAFS and diffuse reflectance
spectroscopies and high resolution thermal gravimetric analysis (HRTGA) indicated
that stabilization occurred during stepwise transformation of an initial Ni-Al hydroxide

to a precursor Ni-Al phyllosilicate phase. They hypothesized that the observed
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stabilization is realized through exchange of silicate for nitrate within the Ni-Al layered
double hydroxide (LDH) interlayer leading to formation of a precursor Ni-Al
phyllosilicate. They concluded that Ni sorption to the pyrophyllite surface proceeds via
at least two steps: 1) initial formation of a Ni-Al LDH precipitate where Al is derived
from the pyrophyllite structure and 2) the ultimate formation of a Ni-Al phyllosilicate
due to incorporation of Si (derived from the pyrophyllite) into the Ni-Al LDH
interlayer.

Surface precipitation is not necessarily limited to laboratory systems since
natural environments too will often have near-saturation concentrations of relatively
insoluble ions such as Al(III) which may be incorporated into a coprecipitate with a
range of metal cations such as Cd. Cr. Cu. Co. Ni. Pb. and Zn (Towle et al.. 1997). In
order to make the progression from these fairly simple systems to complex soil
environments a range of analytical techniques capable of discerning reaction

mechanisms must be used.

1.3 Metal Desorption/Dissolution From Soils and Soil Components

The majority of studies investigating the reactions between metal cations and
soils or soil constituents (clay minerals. oxides. organic material) have focused on the
removal of the metal from the solution rather than the release of the sorbed metal from
the sorbent. The processes of metal desorption (in the case of adsorption) and
dissolution (in the case of surface precipitation) are extremely important in surface and

subsurface environments considering that in most field scale situations the soils have
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been contaminated for some time and the majority of the metal may already be
sequestered by a sorbent phase. To predict the fate and mobility of metals in
contaminated soils information on desorption/dissolution is required (Sparks. 1995a).

It is a common observation among researchers that sorption is often an
irreversible process (Sparks. 1995a). The hysteretic effect of metal sorption is indicated
when the desorption isotherm does not follow the adsorption isotherm. This effect is
even more pronounced as the aging time of the metal-solid complex increases. Several
physical and chemical reasons for this phenomenon have been proposed. however most
research dealing with this topic has been purely macroscopic and differences exist
depending on the metal and sorbent investigated. For example. Ainsworth et al. (1994)
aged a hydrous ferric oxide in the presence of Co. Cd. and Pb and then followed this
with desorption of the metals. Their results indicated that Pb adsorption was completely
reversible but Cd and Co adsorption were substantially non-reversible. They
explained this by suggesting Cd and Co were incorporated into the metal oxides
structure. while Pb was not. Considering that the ionic radii for Cd and Co are similar to
that of Fe while the ionic radii of Pb is much larger than all these metals. their results
are reasonable. Similar results were presented in the work of McLaren et al. (1998) for
Cd and Co desorption from soil clays. They found that an increased sorption period
was accompanied by substantial decreases in the proportions of sorbed metal desorbed
and increasing the contact period between metal and clay material resulted in decreased

rates of metal desorption. Other metal sorption-desorption studies from soils and soil



components show similar hysteretic behavior with increased adsorption time (Backes et
al., 1995; Gray et al., 1998; Jenne, 1995; Lehmann and Harter, 1984).

The complex and heterogeneous array of mineral sorption sites. organic
materials. metal oxides. macro- and micro- pores. and microorganisms in soils provide a
matrix that may strongly sequester metal ions. Fixation. hysteresis. and irreversibility
are all terms reflecting the tendency of metals to be desorbed from soils more slowly
than they are adsorbed because of the smaller driving force during desorption (Jenne.
1995). Yin et al. (1997) examined Hg(II) desorption from a soil and observed that the
rate coefficients of adsorption and desorption were inversely correlated with the soil
organic C content. They contended that diffusion of Hg through intraparticle
micropores of soil organic matter may have been responsible for the irreversibility of
Hg adsorption. Other studies have shown a correlation between organic matter and the
amount and rate of metal release from soils (Sheppard and Thibault. 1992: Wu et al..
1999). Iron oxides in soils have also been recognized as contributing to the strong
fixation of metal cations (Cavallaro and McBride. 1984: McLaren et al.. 1986).

In addition to physical and diffusion processes accounting for the reduction of
reversibility of metals partitioned from solution. n.odifications in surface complex
structure may cause hysteretic effects. Coughlin and Stone (1993) have shown
increased sorption of Co. Ni. and Cu onto the surface of goethite coupled to the
introduction of aqueous Fe(II). They proposed that the microscale formation of metal
spinels (Me™*. Fe’)Fe’",0,. at the goethite surface may have caused a decrease in the

ability to desorb partitioned metals. The differences in stability of discrete Cr(IIl)



surface precipitate clusters vs. evenly distributed Cr(III) surface precipitates was
investigated by Fendorf et al. (1996). Based on oxalate-induced extractions they found a
greater dissolution rate for Cr(III) precipitates formed on silica (discrete clusters) than
for Cr(III) precipitates formed on goethite (evenly distributed). This suggests surface
morphology and distribution is an important factor in surface precipitate stability. A
study by Scheidegger and Sparks (1996b) displayed slow Ni detachment from a Ni-
reacted pyrophyllite surface which they attributed to the formation and dissolution of a
mixed Ni-Al-hydroxide phase. This is a significant finding since the co-precipitate
formed upon Ni sorption and pyrophyllite dissolution may be more stable than a
crystalline Ni(OH), phase indicating its potential etfectiveness as a sink for metals in

soil environments.

1.4 Time Scales and Kinetics of Metal Sorption Reactions

As outlined above there are a multitude of mechanisms responsible for the
uptake of metal ions from soil solutions. With this range of mechanisms also comes a
large range of reaction times from extremely rapid (microseconds) to slow (months-
years), depending on the sorbate/sorbent system (Sparks et al.. 1999). Cation exchange
reactions on clays without narrow interlayer regions such as kaolinites and dispersed
smectites are usually instantaneous compared to very slow exchange reactions on
partially collapsed 2:1 clays (McBride. 1994). Sparks and Jardine (1984) studied K-Ca
exchange on kaolinite. montmorillonite. and vermiculite. The apparent K adsorption

rate coefficients were in the order kaolinite > montmorillonite > vermiculite. The



process of cation exchange and the formation of other complexes involving electrostatic
interactions (i.e.. non-specific adsorption) are usually quite rapid and difficult to
measure using conventional methods (McBride. 1994: Sparks, 1995a).

The kinetics of heavy metal sorption on soil and soil constituents is typically
rapid initially, followed by a slower reaction may continue for days or weeks
(Scheidegger and Sparks. 1996a). The rapid sorption step is generally attributed to an
adsorption mechanism. i.e.. inner-sphere or outer-sphere complex formation and/or
film-diffusion processes (Scheidegger and Sparks. 1996a). For example. the rapid
kinetics of Cu adsorption and desorption on goethite was evaluated using the pressure-
Jump relaxation technique (Grossl et al.. 1994). The authors concluded the sorption
mechanism was the formation of a monodentate innersphere Cu/goethite surface
complex. The half-lives for Pb*". Cu®", and Zn* sorption on peat ranged from 5to 15 s
(Bunzl et al.. 1976).

The slow second stage of metal adsorption to soil clay minerals. hydr(oxides).
and soils has been attributed to 1) adsorption onto sites of lower reactivity (Benjamin
and Leckie. 1981). 2) diffusion of the sorbate into the adsorbent (Bruemmer et al..
1988) and 3) a precipitation reaction (Scheidegger and Sparks. 1996b). All three of the
proposed mechanisms may occur separately or concurrently. however discerning
between them is not possible by using a macroscopic approach alone. McBride (1982)
used EPR to study Cu sorption on an aluminum oxide. He saw a biphasic sorption
behavior and attributed the initial rapid step to sorption on high-energy sites and the

slow second step to sorption on less energetic sites. Similarly. Strawn et al. (1998)



observed a biphasic sorption kinetics in the case of Pb?" on an aluminum oxide. They
attributed the initially fast sorption kinetics to the formation of an inner-sphere bidentate
complex and the slow sorption kinetics to diffusion through micropores. Scheidegger et
al. (1997) studied the sorption of Ni on pyrophyllite. gibbsite. and montmorillonite at
pH 7.5. Ni sorption reactions were initially fast followed by a significantly slower rate.
EXAFS analysis revealed the slow reaction stage was attributed to nucleation processes
on the mineral surfaces. [n the Ni/pyrophyllite and Ni/gibbsite systems. the appearance
of multinuclear Ni complexes occurred after a reaction time of just minutes. In contrast.
for the Ni/montmorillonite system. Ni complexes were not observed until a reaction
time of 48 hours. [t was established that kinetics and sorption mechanisms were greatly
dependent on the type of sorbent studied.

In heterogeneous soil systems mass transfer and transport predominate. so only
apparent rate laws can be measured (i.e.. not chemical Kinetics) (Sparks. 1995b).
Although the soil is a complex medium and attiibuting certain sorption mechanisms
based on kinetic data is difficult. it is still important to study a range of metal reaction
times since temporal and structural changes of a metal complex may be time-dependent.
It is especially essential to vary sorption times if one is studying metal
desorption/dissolution behavior as evidenced by the several examples of the dependence
of sorption time on metal release. Ideally one would also couple spectroscopic and
microscopic techniques with sorption/desorption studies to glean mechanistic

information. Examples of such techniques are presented in the next section.



L5 Use of Analytical Techniques to Identify Metal Surface Precipitates

It is nearly impossible to distinguish a precipitate phase from an adsorption
complex based on macroscopic data alone. The identification of a new phase is
necessary to confidently claim a metal surface precipitate accounts for the removal of a
metal ion from solution. In recent years. the application of advanced spectroscopic and
microscopic tools has helped define the mechanisms controlling contaminant reactions
in soils and aquatic environments (Bertsch and Hunter. 1998: Brown Jr. et al.. 1995).
Since no single characterization method gives a complete description of surface
structure or the geometric details of sorption complexes. it is important to employ a
variety of methods that provide complementary information (Brown Jr.. 1990). This is
the approach to be taken in this research project to ascertain the importance of metal
surface precipitate formation in controlling the mobility and availability of Ni and Zn in

soils.

1.5.1 Spectroscopic Techniques

Spectroscopy offers researchers a way to probe molecular and atomic structures
and determine details of a local coordination environment around a central atom of
interest. One popular spectroscopy used in soil and geochemical sciences is X-ray
absorption fine structure (XAFS) spectroscopy. With XAFS the local environment of an

element is probed, allowing its application to the study of solution species and



amorphous materials that may be found in soils (Fendorf et al., 1994b). XAFS isan
ideal technique to study reactions at mineral-water interfaces since it is element specific
and samples can be analyzed in-situ (i.e., as wet pastes) (Brown Jr. et al.. 1998). Bond
distances. coordination numbers, and identification of neighboring atoms can be
discerned using this technique. One should realize that XAFS spectra do not provide
precise measurements of an atom's local environment. but averages from all atoms
within the sample (O'Day et al.. 1994).

Several researchers have used XAFS to characterize metal sorption mechanisms
and to identify complex formation of metals sorbed to oxides. clay minerals. and soils
(Bargar et al.. 1997a: Bargar et al.. 1997b: Charlet and Manceau. 1992: Chisholm-
Brause et al.. 1990: Fendorf et al.. 1994a: Hesterberg et al.. 1997: O'Day et al.. 1996
Papelis and Hayes. 1996: Scheidegger et al.. 1997: Spadini et al.. 1994: Towle et al..
1997). For example. Scheidegger et al. (1997) used XAFS to identify the formation of a
mixed Ni-Al hydroxide precipitate upon Ni sorption to several clay minerals and
aluminum oxides. This technique is quite useful to identify metal precipitates in
sorption studies since a strong backscattering signal from a neighboring metal atom
(i.e.. Ni or Zn) around the central atom would indicate a precipitate phase has formed.

Another useful spectroscopic technique used in metal-mineral studies is diffuse
reflectance spectroscopy (DRS). DRS is the study of light as a function of wavelength
that has been reflected or scattered from a solid. liquid. or gas (Clark. 1995). This
technique is sensitive to elements in minerals that have unfilled electron shells. This

makes DRS useful to investigate Ni precipitates since NiZ~ has an unfilled d orbital.



This technique would not be useful in the case of identifying Zn** precipitates since this
element has no unfilled electron orbital. The usefulness in using DRS to identify Ni
hydroxide precipitates is due to the sensitivity of this technique to OH absorption bands.
DRS is capable of distinguishing kaolinite from halloysite and montmorillonite from
illite which is difficult using XRD alone (Clark et al.. 1990). Scheinost et al. (1999)
demonstrated the usefulness of DRS in differentiating Ni(OH), from a Ni-Al layered
double hydroxide phases. This task would be difficult using XAFS alone since Al is a

fairly weak backscattering atom and would most likely be drowned out by the Ni signal.

1.5.2 Microscopic Techniques

An array of microscopic techniques that can be applied to soil systems have
become increasingly available in the last several vears. Arguably. it has been the
introduction and application of scanning probe microscopy (SPM) that has had of the
greatest impacts on advancing research in soil and environmental chemistry (Bertsch
and Hunter. 1998). SPM represents a class of microscopic techniques that provide high
resolution multidimensional images of solid surfaces by monitoring the interactions
between sharp tips and the surface (Bertsch and Hunter. 1998). SPM includes scanning
tunneling microscopy (STM). atomic force microscopy (AFM). magnetic force
microscopy (MFM) and chemical force microscopy (CFM). AFM. CFM. and MFM are
all types of scanning force microscopies (SFM). SFM techniques are advantageous in

that they are relatively low cost and the samples may be run in-situ.



SFM is a powerful microscopic technique capable of imaging mineral surfaces
immersed in aqueous solution over the course of precipitation and heterogeneous
nucleation (Maurice, 1998). Fendorf et al. (1996) studied the kinetics of Cr(IIl)
sorption reactions on goethite and silica using a flow cell mounted in a SFM. Scanning
force micrographs revealed the formation of a Cr([II) precipitate that was distributed
over the entire surface of goethite while discrete surface clusters were observed on the
SiO; surface. A study by Thompson et al. (1998) utilized high resolution tunneling
electron microscopy (HRTEM) to observe a kaolinite surface reacted with Co for
several hours. Co was spatially associated with Al and Si. suggesting an association

with kaolinite.

1.6 Nickel and Zinc Sorption Behavior and Chemistry

Researchers have clearly established that the mechanism for metal ion sorption
on clay minerals. metal oxides. and whole soils is dependent on several parameters
including: (1) metal concentration. (2) identity of the sorbent phase. (3) reaction time.
(4). ionic strength. and (5) pH. All of these reaction variables may have pronounced
effects on one another. providing quite complex sorption behavior even in relatively
pure systems. This study will investigate both Ni and Zn as the metal ions of study
since both have been demonstrated to form mixed metal-Al layered double hydroxide
phases upon sorption to Al-bearing clay minerals and metal oxides (Ford and Sparks.
2000: Scheckel et al.. 2000: Scheidegger et al.. 1998: Scheinost et al.. 1999: Trainor et

al., 2000). In addition. both Ni and Zn have been demonstrated to have variable



reaction sorption mechanisms in both soil and mineral studies. including: ion exchange;
inner- and outer- sphere sorption complexation; substitution into mineral phases;
diffusion into metal oxides: formation of solid solutions and formation of ternary
sorption complexes. The several studies investigating Ni and Zn sorption onto clay
minerals and oxides using XAFS makes these metal ions good candidates for

investigations of their behavior in more complex systems.

1.6.1 Nickel

The element nickel is a Group VIII metal that is part of the first transition series
on the periodic table. Its ionic radius is 70 pm. comparable to Mg (72 pm). Al (33 pm).
and several trace metal cations. The outer sphere electron configuration for nickel is 3d®
4s” which readily yields the 4s electrons to give the divalent ion Ni". or the nickelous
ion (Theis and Richter. 1980). The most common oxidation state of nickel is II.
although L. IIl and [V states can exist under certain conditions. [n natural aquatic
systems. only the II oxidation state is of importance as the L. [1I. and [V states are not
stable in aqueous solution. Most nickel found in soils is distributed between the
insoluble organic and inorganic phases. with approximately 0.001% of the total Ni
found in the soil solution (Uren. 1992). Therefore. understanding the mechanisms by
which nickel is bound to these phases is of crucial importance as they dictate the
mobility and availability of Ni in soil.

In aqueous systems with acidic to neutral pH values. nickel is octahedrally

coordinated as Ni(HgO)(.Z‘. Because Ni has the highest crystal field stabilization energy
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of the common divalent metals, it has the highest octahedral site preference (Uren,
1992). At higher pH values, the activity of various ligands in soil solution tends to
increase and nickel may form various complexes. The formation of complexes follows
the trend (most common to least common): OH > SO,* > CI’ (Theis and Richter.
1980). The stability of such complexes depends on the ligand with which nickel is
associated. In general. nickel forms weak complexes with common inorganic ligands
and more stable complexes with many organic ligands. namely sulfate. citrate. glycine,
and cyanide (Theis and Richter. 1980).

Nickel is a heavy metal that has received much attention recently due to its
increased introduction into soil and aquatic environments. There are several sources that
have the potential to contaminate soil with nickel. The sources and average
concentration of nickel in each source are as follows: fertilizer. 30 ppm: sewage sludge.
80 ppm: municipal compost. 120 ppm: tuel ash. 270 ppm: and atmospheric fallout: 703
ppm (Férstner. 1995). While nickel is essential to plants. animals and microorganisms
at low concentrations. higher concentrations of nickel can be toxic. The major industrial

sources of nickel are metal plating and finishing, combustion of fossil fuels. and nickel

mining and refining.

The natural concentration of nickel in soils varies greatly with the type of soil
parent material. The primary source of nickel found in soil is igneous rocks such as
serpentine and peridotite. which may have concentrations as high as 2000 ppm Ni
(Forstner, 1995). Ni concentrations in uncontaminated soil range from 0.1 to 1520

mg/kg. As a result. the literature values for Ni contents in soils are quite variable



ranging anywhere from | ppm to 500 ppm and upwards of 5.000 ppm for soil derived
from ultrabasic igneous rocks. However. much of this nickel is not readily extractable
and a better indicator is the amount of nickel found in soil solution. The concentration
of nickel in 68 “normal” soil solutions from California ranged from <0.01 to 0.20 ppm
(Uren. 1992). Soils exposed to additional amounts of nickel in the form of sewage
sludge or fertilizers may have values 100 times greater than the concentration for
normal soil solutions.

Sorption and release studies of nickel have traditionally been done using
hydrous oxides (Bruemmer et al.. 1988: Kinniburgh et al.. 1976: Schulthess and Huang,
1990: Theis and Richter. 1980). purer layer silicate minerals (Bowman et al.. 1981:
Koppelman and Dillard. 1977: Puls and Bohn. 1988) and whole soils (Harter. 1983:
Sadiq and Enfield. 1984: Tiller et al.. 1984a). With the exception of the work of Traina
and Doner (1985). few studies have looked at mixtures of clay minerals and oxides
which are more indicative of field conditions though less complicated than whole soils
allowing for easier interpretation of molecular-level data. Moreover. with the exception
of a few studies. application of spectroscopic and microscopic techniques to such
systems has been limited. however. they are necessary in identifying any reaction
mechanisms (Scheidegger et al.. 1996a: Scheidegger et al.. 1996b: Scheidegger et al..
1996¢; Scheidegger and Sparks. 1996b). There is ample evidence that mixed Ni-Al
layer double hydroxide phases (surface precipitates) form upon Ni sorption to a range of
clay minerals and Al-oxides (Scheidegger and Sparks. 1996b). Ni sorption studies have

also been traditionally unrealistically brief (several minutes to hours) relative to soil



processes (Uren, 1992). Therefore, there is a need to study the kinetics and mechanisms
of nickel sorption/release reactions in soils and soil components using advanced
spectroscopic and microscopic techniques. paying particular attention to precipitate

formation.

1.6.2 Zinc

Under acidic. oxidizing conditions. Zn is one of the most soluble and mobile of
the trace metal cations. [t does not complex tightly with organic matter at low pH and
acid-leached soils often have Zn deficiencies because of depletion of this element in the
surface layer. Toxicity of Zn to plants is most likely to appear in acid soils that have not
been subjected to prolonged acid leaching. The high potential solubility of Zn in acid
soils. and that the fact that Zn is typically a high-concentration pollutant of industrial
wastes and sewage sludges. combine to create a significant potential for phytoxicity
from land application of wastes (McBride. 1994).

The element zinc is a metal that is part of the first transition series on the
periodic table. The outer sphere electron configuration for Zn is 3d'° 4s. so its orbitals
are completed filled. As a result. Zn(II) can be 4-coordinate (tetrahedral) or 6-
coordinate (octahedral). The ionic radius of tetrahedral Zn is 74 pm and the ionic radius
of octahedral Zn is 88 pm. The most common oxidation state of zinc is II. In aqueous
systems with acidic to neutral pH values zinc can be octahedrally or tetrahedrally

coordinated since it gains no crystal field stabilization energy from either configuration.
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As a result, the coordination environment of Zn is variable and it can be useful to
determine the form of Zn found in soils.

Zinc is considered a trace element in soils with typical concentration values
ranging from 10 to 300 ppm (Férstner. 1995). In the vicinity of mining districts Zn
concentrations can be on the order of several thousand ppm (Henderson et al.. 1998: Lin
and Herbert Jr.. 1997: O'Day et al.. 1998). Sadiq (1991) contended that instead of
adsorption, precipitation was playing a major role in determining solubility
relationships of Zn in soils. Zinc sorption phenomena have been extensively studied in
relatively pure systems (Baeyens and Bradbury. 1995: Benjamin and Leckie. 1981:
Micera et al.. 1986: Xu et al.. 1994) and more complex whole soil systems (Bruemmer
etal.. 1983: Hinz and Selim. 1999: Tiller et al.. 1984a: Tiller et al.. 1984b: Zhang et al..
1997).

The formation of Zn precipitates in soils and on soil constituents has been
established (Roberts et al.. 1999). A XAFS study of a zinc contaminated groundwater
aquifer indicated Zn sulfides were the dominant mineral phases present and were a
significant sink for Zn in this system (Hesterberg et al.. 1997). Another XAFS study of
a Zn-contaminated sediment revealed the presence of Zn hydroxide and/or zinc-iron
oxyhydroxide phases. depending on the total amount of Fe in the system (O'Day et al..
1998). Zinc was found to be associated with a secondary C u-phase and zinc sulfates in
a mine rock dump as verified by SEM and extraction techniques (Lin and Herbert Jr..
1997). Based on thermodynamic calculations, Lindsay theorized the formation of

franklinite (ZnFe;O,) in soils (Lindsay, 1979). Sorption of Zn on hydroxyapatite
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resulted in the formation of a Zn-Ca coprecipitate (Xu et al.. 1994). The sorption of Zn
to a calcite surface resulted in the formation of a precipitate resembling hydrozincite as
verified by XPS and XRD (Zachara et al.. 1989) . Clearly the type of precipitate phase
Zn found greatly depends on the conditions of the soil environment.

Using X-ray absorption fine structure (XAFS) spectroscopy to monitor zinc
sorption to oxides under neutral to basic pH values. researchers have demonstrated that
Zn can form both inner-sphere surface complexes and Zn hydrotalcite-like phases upon
sorption to Al-bearing minerals (Ford and Sparks. 2000: Trainor et al.. 2000): inner-
sphere surface complexes upon sorption to goethite (Schlegel et al.. 1997): and both
innersphere and multinuclear hydroxo-complexes upon Zn sorption to manganite
(Bochatay and Persson. 2000). By applying XAFS and electron microscopy to Zn-
contaminated soils and sediments. Zn has been demonstrated to occur as ZnS in reduced
environments. often followed by repartitioning into Zn hydroxide and/or ZnFe
hydroxide phases upon oxidation (Hesterberg et al.. 1997; O'Day et al.. 1998: Webb et
al.. 2000). Manceau et al. (2000) used a variety of techniques. including XAFS and
micro-focused XAFS to demonstrate that upon weathering of Zn-mineral phases. Zn
was taken up by the formation of Zn-containing phyllosilicates and. to a lesser extent.
by adsorption to Fe and Mn (oxyhydr)oxides. These studies demonstrate that in any
given system. Zn may be present in one of several forms making direct identification of
each species difficult using traditional approaches.

Several other studies have reported adsorption as the primary mechanism of Zn

removal though few have been verified with molecular-level techniques (Dang et al..
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1994; Harter, 1983; Hinz and Selim, 1999; Ladonin, 1997; Maguire et al., 1981; Micera
etal., 1986). The sorption mechanism of Zn seems to be greatly dependent on
concentration levels. pH. the sorbent phases present, and time scales of sorption

reactions.

1.7 Research Justification

The introduction of higher than natural levels of metals such as Zn and Ni into
surface and subsurface environments has established the need to study their interactions
with soils and soil materials. Most of the studies examining metal cation reactions in
soils have relied on macroscopic data. relatively short sorption times. and have often
neglected the reversibility of the reaction. Remediation strategies and soil management
policies based on equilibrium-based models derived from macroscopic data may lead to
mistakes and an unnecessary expenditure. In order to establish sound remediation
strategies and techniques metal sorption studies over long time scales using analytical
techniques capable of gleaning sorption mechanisms are necessary.

While many researchers have verified the formation of mixed metal surface
precipitates with several metals (Cd. Co. Cr. Cu. Ni. Zn) in the presence of relatively
pure clay minerals and metal oxides. the importance of this mechanism in soil
environments has yet to be determined. In addition. most of the studies have relied on a
limited range of reaction conditions (pH. ionic strength. metal concentration) while in
soil environments these conditions are quite variable and can control sorption behavior

of metals. Moreover. there is a lack of studies that have investigated the stability of



mixed metal surface precipitates. Determining the stability of these phases is necessary
to establish their effects on the transport and bioavailability of metal contaminants in
soils.

This research is an investigation of Ni and Zn precipitate formation and the
factors affecting their formation. To meet this end. relatively simple laboratory systems
will be investigated leading up to metal speciation in actual contaminated soils. This
information will be useful to researchers and protessionals seeking to develop sound
remediation strategies and develop models capable of predicting metal behavior in soils.
Investigators interested in preserving clean soil environments and cleaning up those

sites already contaminated will take interest in this research.

1.8 Objectives of Research

In order to complete the goals outlined in the research justification. these objectives

were established:

1) Monitor Ni(II) sorption kinetics on soil constituents over a range of reaction
conditions (time. metal concentration. pH) to determine if mixed Ni-Al LDH

phases are capable of forming in natural settings.

2) Assess the stability of Ni-Al LDH phases formed under a range of reaction

conditions.



3) Compare the sorption behavior of Zn(II) on metal oxides to and assess the
effects of reaction conditions on the type of surface complexes formed and

determine if Zn hydroxide phases are playing a dominant role in Zn speciation.

4) Directly investigate the speciation of Zn in smelter-contaminated soils using a

variety of analytical techniques and relate Zn speciation to bioavailability.
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