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ABSTRACT

There is a gap in our current understanding of metal sorption mechanisms in multi-
sorbent systems, where several competing mechanisms are available for metal uptake.
In order to develop accurate risk assessments and effective remediation strategies.
insights in the reaction pathways between first row transition elements and soils is of
utmost importance. In this study. molecular scale spectroscopic and microscopic
techniques were combined with macroscopic sorption and desorption studies to
elucidate the intrinsic metal sorption mechanisms to soils and common reactive soil
constituents, clay minerals, organic matter and iron oxides.

In a study to investigate the effect of humic acid coatings on the intrinsic
Ni sorption mechanisms to the kaolinite surface, extended X-ray absorption fine
structure (EXAFS) spectroscopic studies revealed that organic coatings do aftect metal
sorption, but do not change the intrinsic metal uptake mechanisms of the underlying
clay mineral. At the pH of this study, 7.5, Ni was found to be incorporated into stable
precipitates, formed at the kaolinite surface. A nickel hydroxide was formed in the
presence of a 5-wt% organic coating. whereas in the presence of a 1-wt% organic
coating, a more stable Ni-Al layered double hydroxide (LDH) was formed. Similarly.
the mechanisms governing Zn uptake in a goethite coated kaolinite system were
studied as a function of pH. Using EXAFS spectroscopy as a molecular tool to
determine the Zn reaction mechanisms under conditions representative of natural soil
and geochemical environments, it was found that at pH 5, Zn was mainly bound to the

kaolinite edge sites. At pH 7, both the extent of the iron oxide coating and the reaction

Xv



time, determined the Zn sorption complex formed at the goethite-coated kaolinite
interface. The dominant sorption mechanism was found to change from the initial
formation of inner-sphere complexes with the goethite coating to the formation of a
Zn-Al LDH surface precipitate at the kaolinite surface with increasing reaction time.

Speciation of Zn in a smelter contaminated soil was directly identified
using state of the art molecular spectroscopic and microscopic tools. Comparison of
the Zn speciation in the non-treated soil and the aluminosilicate- and compost- treated
soil revealed no significant differences in speciation between the treated and non-
treated soils 12 yrs after the application of the additives. Amorphous. neo-formed. Zn
containing surface precipitates, Zn-Al LDH and Zn-phyllosilicates. made up 60 %% of
the total Zn fraction in these smelter contaminated soils. This finding is extremely
important, since surface precipitates have not been previously considered when
modeling Zn speciation in such multi-sorbent systems. Desorption studies however
indicated that Zn-containing surface precipitates are only stable at near neutral pH and
therefore the formation of metal containing surface precipitates did not lead to a
permanent immobilization of the metal.

Synchrotron based X-ray microscopy, combined with Cls-near edge X-ray
absorption fine structure (NEXAFS) spectroscopy, was applied to study the
interactions of natural biopolymers with metals in sitn and with high chemical and
spatial sensitivity. It was learned that changes in the position of the C 1s(C=0) —
1&*¢-0 electronic transitions in the NEXAFS spectra could well be used to
qualitatively describe metal interactions with specific functional groups of the
biopolymers. These results can be used to assist in predicting the fate of metals in

complex ligand mixtures.
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Chapter 1

INTRODUCTION

1.1 RESEARCH MOTIVATION

Transition elements, Mn, Fe, Ni, Co and Zn in particular, are important nutrients when
present at trace levels in the soil solution (Frausto da Silva and Williams, 1991). At
higher availabilities, these elements are often detrimental to the environment (Chaney,
1993). The flux by which transition elements are introduced into the environment by
anthropogenic sources currently equals or exceeds the natural flux (Nriagu and
Pacyna, 1988). The fate of potentially toxic metals in the environment is greatly
dependent on their speciation in soils. It is often difficult to assess the speciation of a
metal contaminant in a soil environment directly and thus many remediation efforts
are based on the total contaminant metal burden or on sequential extractions which
extract ‘specific’ metal fractions. Predictions based on this total or ‘specific’ metal
fraction might not reflect the true speciation of the metal. Consequently, the
mechanisms by which metals are sorbed/released in soils over time are not understood
and often, technically and economically sound remediation strategies based on such
predictions cannot be developed. Therefore, determining contaminant speciation is of
utmost importance to insure the implementation of sound remediation strategies, to be
able to predict contaminant stability in the soil over time, and to successfully model

the fate of contaminants in the environment.



The (bio)availability of trace metals is dictated by reactions taking place at the soil
solution-particle interface. Therefore, a complete understanding of long term trace
element availability depends on knowing the adsorption and desorption reactions
taking place at the soil particle surfaces. Adsorption reactions may involve
electrostatic attractions between a solution ion and a charged surface (outer-sphere
complex), a ligand exchange process, where a direct coordinative bond with surface
functional groups is formed (inner-sphere complex) or the formation of a polynuclear
metal cluster (Scheidegger et al. 1997).

Research predominantly done in the last decade has shown that when the
amount of a metal cation on a surface increases to a high surface coverage, a
precipitate of the cation can form with the ions of the mineral. When the precipitate
covers the entire surface it is referred to as a "surface precipitate" and when the
precipitate grows away from the surface before covering it, the term "surface cluster”
is used (Sparks, 1995).

Laboratory sorption experiments, combined with state of the art synchrotron
based X-ray absorption spectroscopy (XAS) to delineate the structure of the sorbed
metal on the atomic scale, have shown that the incorporation of first row transition
metals, i.e. Cr, Mn, Fe, Ni, Co, Cu and Zn in brucite like precipitates, formed on
surfaces of clay minerals and Al oxides may play an important role in the
immobilization of these metals in non-acidic soils (Fendorf et al. 1994; Junta et al.
1994; O'Day et al. 1994; Manceau et al. 1999; Scheidegger et al. 1997; Scheinost et al.

1999; Thompson et al. 1999; Ford et al. 2000; Schlegel et al. 2001). The structural



formula of these brucite like precipitates is generally written as [Me**|. Me** (OH),]*
- (x/n) A" - mH,0, where the metals (Me) occupy the octahedral layers and anions (A)
in the interlayer are needed to compensate for the positive charge of the octahedral
layers. These precipitates form below saturation conditions with respect to the
formation of a bulk precipitate in solution and below theoretical monolayer coverage
(Scheidegger 1997). An increased stability of the precipitate has been observed with
increasing aging time (Ford et al. 1999; Scheckel et al. 2000) and thus the
incorporation of first row transition elements in stable surface precipitates might lead
to a long-term removal of the metal from the soil solution.

However, our ability to generalize the significance of this process in soils is
limited to laboratory sorption studies only, where fractionated, well characterized clay
mineral surfaces are used. In the soil environment mineral surfaces are often coated
with organic or oxide coatings. These coatings may interfere with the intrinsic metal
sorption mechanisms on clay minerals in several ways: First of all, the presence of
organic or oxide coatings may alter the reactivity of the underlying clay mineral
surface, by forming inner-sphere complexes with the highly reactive aluminol groups
at the clay mineral edge sites and by modifying the electrical properties of the clay
mineral-water interface (Templeton et al. 2001). Second of all, formation of metal
organic complexes can reduce the availability of these metals for the formation of a
precipitate phase. On the contrary, enhanced mineral dissolution by organic acids can
lead to a larger availability of metals for the stabilization of a surface precipitate.

Additionally, the metal uptake capacity of the coated clay mineral is significantly



higher than that of the clay mineral surface itself, due to the larger surface area and
cation exchange capacity (CEC) of the coated complex.

An additional problem with organic coatings is that very little is actually
known on soil organic matter (SOM) itself, including its macromolecular structure and
genesis, and on how SOM reacts with metals, i.e. what functional groups are involved
in metal binding and what is their binding affinity for metals.

To successfully model and predict the fate of metals in soils and sediments on
which sound remediation strategics can be based, insights into the effects of organic
and oxide coatings on the intrinsic metal sorption to the kaolinite surface and into
larger scale (field scale) processes are crucial. Additionally, a fundamental insight into

metal complexation by SOM is still largely needed.

The remainder of this chapter consists of four sections. In section 1.2 the
general mechanisms by which transition metals are sorbed to individual soil
components will be briefly discussed, including the experimental setup, which is
defined by the solid phase/metal combination, the experimental conditions (e.g. metal
concentration, type and concentration of the background electrolyte, pH), and the time
scale employed at which the different sorption complexes are formed. Emphasis will
be placed on the mechanisms and kinetics of surface precipitate formation, since the
incorporation of transition metals into stable precipitate phases can potentially reduce
the long-term bioavailability of these metals. In section 1.3 the limited studies on

metal sorption in multi-sorbent systems will be reviewed. In the next section the



application of synchrotron based XAS as a spectroscopic tool to study metal sorption
complexes formed in multi-sorbent systems will be reviewed. In section 1.5, the

objectives of this dissertation research will be presented.

1.2 Metal speciation in single sorbent systems

As stated earlier, understanding metal availability in soils depends on knowing
the speciation (the chemical form) of the metal in the soil solution. The speciation of
metals in soils is mainly determined by the solution conditions (i.e. pH, ionic strength,
Eh and presence of other cations/anions in solution) and by interactions of the metals
with solid particles. Metals can be freely available and in different oxidation states in
the soil solution. At certain pH and ionic strength conditions, metals may form
complexes with anions from the soil solution, such as Me(OH): (neutral complex),
Me(OH)" (positive complex), MeL’ (negative complex), etc. (Stumm and Morgan,
1996).

One can distinguish between the following sorption mechanisms: absorption,
adsorption, bulk precipitation and surface precipitation. Sorption is a general term that
should be used when the retention mechanism at a surface is not known (Sparks,
1995).

Absorption of a trace metal can be defined as the retention of a metal within a

particle. Absorption plays a major role in sorption of metals by soil organic matter



(SOM) and hydrous ferric oxides, where the metals can diffuse into inter-particle
voids (Stevenson, 1994; Schwertmann et al., 1985).

Adsorption of a trace metal is defined as the accumulation of the metal at an
interface between the solid surface and the bathing soil solution. Both physical and
chemical forces are involved in adsorption of metals from solution. Physical forces
include van der Waals forces (e.g. partitioning) and electrostatic outer-sphere
complexes (e.g. ion exchange). Chemical forces result from short-range interactions
that include inner-sphere complexation (ligand exchange, covalent bonding and

hydrogen bonding) (Stumm and Morgan, 1996).

1.2.1 Metal partitioning to clay minerals

In soil science, the term *‘cation exchange” is used to characterize the
replacement of one adsorbed, readily exchangeable cation by another (Sposito, 1989).
Cation exchange is not a chemical reaction in the usual sense, since the bonds broken
and formed are long-range clectrostatic bonds of low energy (McBride, 1994).
Electrostatic bonding of metal ions to clay minerals occurs mainly at planar sites of
permanent structural charge and is therefore pH independent. Only for clay minerals
with low structural charge (e.g. kaolinite or pyrophyllite) does significant electrostatic
bonding at the clay edge sites of variable charge take place. In these systems
electrostatic bonding is pH dependent (Stumm and Morgan, 1996; Sparks, 1995)

The Me""-Na" exchange, where Me"™ is a metal cation with valence n, can be

described as (McBride, 1994):



Me"™ + nNa'-clay < Me"-clay + nNa’ 1)
The selectivity coefficient (K;) can be written:
K, = ([Na]" (Nme) / ([Me](Nna)") (2)
where [Na] and [Me] represent the molarity of the metals in solution, and Ny, and Ny,
symbolize the fraction of clay exchange sites occupied by Na" and Me™. Equation (1)
shows that multivalent cations effectively replace monovalent cations from clay
exchange sites when the monovalent cation concentration is low.

Ion exchange reactions at surface sites exposed to solution are extremely fast.
In fact, the kinetics of cation exchange has not generally been accessible to
measurements by conventional methods. Cation exchange on clays without narrow
interlayer regions (e.g. kaolinite) appears to be instantaneous (McBride 1994). With
2:1 clay minerals that contain both external and internal exchange sites, particularly
with vermiculite and micas where partially collapsed interlayer sites exist, the kinetics
are slower (Sparks, 1995). This is due to the presence of exchange sites of low
accessibility on these clay minerals; the actual “chemical” process of cation exchange

itseif, however, is fast also on these sites.

Chemisorption (also called specific sorption) involves the formation of a
covalent bond between a metal and the clay surface and leads to the formation of an
inner-sphere metal complex. The edges of layer silicate clays provide surface sites for
the chemisorption of transition and heavy metals. The sorption site presented to the

metal in solution is a valence-unsatisfied OH™ or H,O ligand bound to a metal ion



(A" or Si*"). For example, on the octahedral aluminum sites, a trace metal, Me, may

bind according to the reaction:

[>AI-OH]'? + Me(H:0)™ > [>Al-O-Me(H20)s]™**" + H,0" 3)

This reaction has at least four features that distinguish it from cation exchange

(McBride, 1994):

I. Release of n H' ions for each Me"" cation chemisorbed

2. A high degree of specificity shown by particular minerals for particular trace
metals

3. Tendency toward irreversibility, or at least a desorption rate that is orders of
magnitude slower than the adsorption rate

4. A change in the measured surface charge toward a more positive value.

This last feature implies that the adsorbed metal and its charge become part of the

mineral surface, thereby shifting the point of zero charge (PZC) to higher pH.

Chemisorption of metals generally becomes more specific as the solution pH

increases; i.e., formation of inner-sphere complexes is favored at elevated pH and

ionic strength (Elzinga, 1999; Koppelman, 1977; Scheidegger, 1998; Strawn, 1998).

Chemisorption of metal cations on clay minerals is slower than cation exchange, often

increasing gradually over several days. Trace metal cations chemisorbed on clays

gradually lose much of their initial lability (as measured by diminishing self-exchange



rates) over a period of days. Consequently, trace metal chemisorption on clay minerals

1s considered to be highly irreversible (McBride, 1994).

Precipitation is defined as the process of depositing a substance from the soil
solution (Sparks, 2000). As the concentration of an ion in a solution is increased,
precipitation of a new solid phase will not occur until the solubility product of that
phase has been exceeded (McBride, 1994). The status of the solution phase with
respect to precipitation can be quantified by comparing the ion productivity product
(IAP) to the thermodynamic solubility product of the crystalline phase, Kso. When
IAP/Kso < 1, the solution is undersaturated with respect to the solid phase; when
IAP/Kso > 1 the solution is oversaturated with respect to the solid phase (Stumm and
Morgan, 1996). Some degree of supersaturation is required for precipitation to occur
because crystal nuclei can only be formed after an energy barrier is overcome. In clay
and soil solutions, the energy barrier to nucleation is reduced because mineral surfaces
can act as seed crystals. This reduces the extent of supersaturation necessary for
precipitation to be initiated (Stumm and Morgan, 1996; McBride, 1994).

Macroscopically, chemisorption reactions, which are two-dimensional surface
processes, can rarely be separated experimentally from the three-dimensional
precipitation reactions. Precipitation reactions are often much slower than sorption
reactions so that time dependent sorption of metals and other ions is often

characteristic of precipitation in soils (McBride, 1994).



When the amount of a metal cation or anion (negatively charged metal
complex) on a surface increases to a high surface coverage, a precipitate of the cation
or anion can form with the ions of the mineral. This three-dimensional growth
mechanism is known as surface precipitation (Sparks, 1995). At low surface coverages
surface complexation dominates, when surface coverage increases nucleation occurs
or distinct entities or aggregates form on the surface.

Surface induced precipitation occurs below monolayer coverage of the surface
and at solution conditions undersaturated with respect to homogeneous precipitation.
A proposed pathway for the formation and stabilization of Ni surface precipitates on
clay mincrals is the following. Initially a Ni-hydroxide phase forms at the mineral
surface, well below super saturation. Or when Al is present in solution, Al co-
precipitation with Ni is thermodynamically preferred. This precipitation may be
explained by the combination of several processes (Yamaguchi et al., 2001). First, the
electric field of the mineral surface attracts Ni ions through adsorption, leading to a
local supersaturation at the mineral-water interface. Second, the solid phase may act as
a nucleation center for polyhydroxy species and catalyze the precipitation process
(McBride, 1994). Third, the physical properties of water molecules adsorbed at the
mineral surface are different from those of free water (Sposito, 1989), potentially
causing a lower solubility of metal hydroxides at the mineral-water interface.

With time Al, which is released by weathering of the mineral surface, slowly diffuses
into the octahedral layer and partly replaces Ni in the octahedral sites. A so-called Ni-

Al layered double hydroxide (LDH) is formed, which is thermodynamically favored
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over a-Ni hydroxide. This Ni-Al LDH is more resistant to weathering than the Ni-
hydroxide originally formed.

Further stabilization of the precipitate can occur by diffusion of Si polymers in the
interlayer space of the LDH, thereby replacing the anions. Polymerization and
condensation of the interlayer Si polymers slowly transforms the LDH into a precursor
Me-Al phyllosilicate, which might further develop into a tri-octahedral clay.
Stabilization also occurs in precipitates formed on Al-free substrates. This stabilization
is contributed to increasing crystallinity with time, so called Ostwald ripening (Ford et

al., 1999),

Insights on the mechanisms of surface precipitate formation and stabilization
have been gained from batch and molecular scale sorption studies with only one
sorbent present. A shortcoming of the current studies is that little is known on how
organic matter or oxides interfere with this sorption process. These sorbents are
ubiquitous in soils, have a high surface area and metal binding capacity, and occur
often as coatings on clay minerals. For these reasons these sorbents are major

competitors for metal sorption on clay mineral surfaces.

1.2.2. Metal partitioning to SOM
SOM, or humic substances (HS) or biopolymers, are described as the total of
high molecular weight organic compounds in soils excluding undecayed plant and

animal tissues, their "partial decomposition” products, and the soil biomass
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(Stevenson, 1994). As this definition suggests, very little is actually known about
humic substances, including the macromolecular or ‘backbone’ structure of HS and its
genesis (Stevenson, 1994; Sparks, 1995). Humic substances however make up 0.5-5
wt% in mineral soils and almost 100 wt% in peat (Sparks, 1995). The surface area and
cation exchange capacity (CEC) of SOM are higher than those of clay minerals. It has
been estimated that up to 80% of the CEC of soils is due to organic matter (Stevenson,
1994). The point of zero charge (pzc), defined as the pH at which the colloidal particle
has no net charge, is low, about 3, therefore SOM is negatively charged at pH values
greater than 3. HS often occur as coatings on mineral surfaces, thereby masking the
mineral surface from solution. And HS play an important role in colloid facilitated
transport. These points illustrate that any increase in our fundamental understanding of
the macromolecular structure of HS, and their reactivity towards contaminants could
greatly enhance our understanding of contaminants in the environment.

Historically, HS are operationally divided into humic acids, fulvic acids and
humin. The organic matter fraction, which can be isolated from a soil by treating the
soil with a light base solution and then acidifying the supernatant so that a precipitate
formed, is called humic acid. The fraction which remains in solution, even after
acidifying, is called fulvic acid. The organic matter fraction, which stays in soils after
these treatments, is called humin. Humic acids are by far the largest fraction of humic
substances. Humic substances provide slow release sources of N, P and S for plants. In

addition they contribute to cation retention on the soil (Stevenson 1994).
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A successful approach to understanding the reactivity of HS towards metals,
independent of the overall macromolecular structure of HS, is based on the functional
group content of the HS, since functional groups can be determined and ultimately
determine the reactivity of the HS. Traditionally the functional group content of HS
has been determined by wet chemical methods; recently nuclear magnetic resonance
(NMR) spectroscopy has become available for (semi-) quantitative analysis of the
functional groups of HS. A variety of functional groups, of both acidic and basic
nature have been reported in humic substances. Due to their acidic nature and
abundance, carboxylic and phenolic groups are the most important metal complexing
sites on HS (Stevenson, 1994).

An attempt to predict the types of interactions between metal ions and organic ligands
is based on the concept of 'hardness' and 'softness’ of metals and electron-donor atoms
of complexing sites (Pearson, 1963; Buffle and Stumm, 1994). Hard cations, such as
alkali and alkaline earth metals interact via electrostatic, ionic reactions, while soft
cations, such as Pb**, Cu’, Zn’* and Cd*" react to form covalent bonds. Metals such as
Mn*", Fe**, Co®", Ni** and Cu®* form complexes of intermediate strength. The degree
of hardness can be determined from the term Z*/r, where Z and r are the charge and
radius of the cation, respectively. The preference of hard metals for ligand atoms
decreases in the following order: F > O > N ~Cl > Br > [ > S. This order is reversed
for soft metal ions. Thus hard donor atoms such as F and O prefer hard metal ions,

while soft donor atoms such as I and S prefer soft metals.
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These predictions only partly hold true in explaining the observed metal
partitioning to HS. Decades of research have produced a wealth of data on metal
partitioning to HS, using a range of macroscopic and spectroscopic techniques. Every
technique has its advantages and disadvantages. Thermodynamic modeling of metal
titration curves for example is difficult, since the complex ligand mixture produces no
sharp equivalence points (Purdue 1985). Almost any function will fit the data points in
a typical metal titration curve. Electron paramagnetic resonance (EPR) spectroscopy
was the first spectroscopic technique applied to study metal complexation with HS
(McBride 1987). Only a few metals, Cu, Mn and Fe are paramagnetic. Senesi and co-
workers (1988, 1991) found, using EPR, that Fe'"" binds more strongly to carboxylic
groups than Cu" which binds much stronger than Mn". Extended X-ray absorption
fine structure (EXAFS) spectroscopy has also been applied to study metal partitioning
to HS (Xia et al. 1997). The disadvantage of studying heavy metal - HS interactions
with EXAFS spectroscopy is that C/N/S are weak backscatterers for heavy metal
atoms and thus second shell features are not very well resolved (Nachtegaal and
Sparks, 2003). NMR has been largely applied to study carbon group functionalities in
HS. NMR can however not be used to study HA in situ, i.e. in the natural
environment, because the presence of paramagnetic elements, such as Fe leads to
broadening of the spectra. And as is true for all of these techniques, no simultaneous
information on the chemistry and the spatial distribution of functional groups or the

metal can be obtained.
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Based on the disadvantages of the currently available techniques to study HS-
metal complexation, it is worthwhile to explore the possibilities of a relatively new
spectroscopic technique, synchrotron-based near edge X-ray absorption fine structure
(NEXAFS) spectroscopy, to answer some of the fundamental questions on HS.
Similarly to NMR, NEXAFS has capabilities of probing the main functional groups of
HS, with no metals such as Fe adversely influencing the spectral quality. Cls-
NEXATFS spectroscopy has been applied to study the bonding environment of C in
complex macromolecules, such as polymers, coal and humic acid (Myneni 2003). The
C-NEXAFS inner-shell spectrum reveals the manifold of excited states available for
the photoexcited electrons. These excited states are well described by the lowest
unoccupied molecular orbitals (LUMOs) of organic functional groups. Combining
NEXAFS spectroscopy with X-ray microscopy gives the added advantage of being

able to study the distribution of C containing functional groups in solution.

1.2.3 Metal partitioning to iron oxides

Iron oxides (ferrihydrite, hematite and goethite) are major components in most
soils (Jambor, 1998; Schwertmann et al., 1985). Due to the large surface area of these
oxides (~60-200 m?/g), many internal surface sites, the presence of these oxides as
coatings on clay particles, and high reactivity, these oxides are a potential competitor
for the formation of surface precipitates as a sink for heavy metals.

Iron oxides can sorb metals both by adsorption and by incorporation of the

metals in the crystal structure upon aging. Ford et al. (1997) for example, studied
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metal partitioning during hydrous iron oxide aging. They found that coprecipitated Ni
and Mn became less extractable after ferrihydrite transformation to goethite, while Pb
and Cd showed net desorption with aging, and sorption reversibillity remained
essentially unchanged. Martinez and McBride (1998) studied the coprecipitation of
Cd, Cu, Pb and Zn in iron oxides. Although the experimental conditions employed
were favorable for the homogeneous distribution of metals throughout the
coprecipitate, Electron Microscope Analyses (EMPA) suggest that Cu and Zn
segregation within aggregates of aged hydrous ferric oxides (to gocthite and hematite)
occurs.

In a few studies (Grossl et al., 1997; Liitzenkirchen et al., 1997), metal
adsorption to crystalline iron oxides such as goethite and hematite has been found to
be independent of ionic strength, thus suggesting inner-sphere complexation.
Pressure-jump relaxation (Grossl et al., 1994, 1995, 1997) and XAS (Bargar et al.,
1998, Schlegel et al., 1997, Trivedi et al. 2001) studies, employed to elucidate the
reaction Kinetics and mechanisms for metal adsorption to the gocthite surface
confirmed that inner sphere sorption complexes are being formed. Overall, metal
affinities for goethite follow the following order Cu > Pb > Zn > Cd > Co > Ni > Mn >
Ca > (Coughlin and Stone, 1995; McKenzie, 1980; Schwertmann et al., 1989), which
is consistent with the trend in electronegativity of the metals (Schwertmann et al.,
1989).

Coughlin and Stone (1995) found an increasingly stable fraction of Co, Ni and

Cu sorbed to goethite with aging. It was proposed that, similar to the formation of Me-
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Al LDH precipitates on clay mineral surfaces, microscale formation of metal spinels,
(Me*’, Fe*")Fe’*,0., at the goethite surface may have caused the net increase in

sorption and the subsequent decrease in the ability to desorb partitioned metals.

1.3 Metal speciation in multi-sorbent systems

The degree to which heavy metals partition to clay minerals, organic matter
and metal oxides ultimately controls their fate and bioavailability in the soil system.
The sorption behavior of the individual soil components, under different reaction
conditions is reasonably well understood. However, soils are highly heterogeneous
systems. Prediction of the fate of a contaminant in real soil systems based on the
sorption studies to single sorbent systems is highly questionable, since in most mineral
soils, organic matter and hydrous ferric and manganese oxides are intimately
associated with the clay minerals. Accordingly, clay and organic matter function more
as a unit than as separate entities and the relative contribution of organic and inorganic
surfaces to adsorption will depend on the extent to which the clay is coated with
organic substances. For soils with similar clay and organic matter contents, the
contribution of organic matter to the binding of trace elements was found to be highest
when the predominant clay mineral is kaolinite and lowest when montmorillonite is

the main clay mineral (Stevenson, 1994).
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Only a few studies exist that used spectroscopic techniques to elucidate metal
sorption mechanisms in multi sorbent systems. Martinez and McBride (1999)
investigated metal sorption to both the invidual sorbents iron oxide and HA (extracted
from leaf compost) and their mixture using EPR spectroscopy. After aging for 200
days, Cd and Zn were equally well retained by the iron oxide and the mixture, while
initially they were sorbed better by the oxides than by the mixture. Cu solubility
decreased in the ferric oxide and increased in the organic matter system upon aging.
Lead solubility remained very low in all systems. Pb and Cu were mostly complexed
by the nonlabile organo complexes, while Zn and Cd were found more in the labile
fraction. Using XAS as spectroscopic tool to elucidate the sorption complexes formed
at a HA coated goethite surface, Alcacio et al. (2001) found that Cu(lIl) sorbs to both
goethite and HA at low HA concentrations and to the organic groups of the HA at
higher coating levels.

Yamaguchi et al. (2001) studied the sorption of Ni to gibbsite and pyrrophyllite
in the presence of citrate and salicylate. These small organic acids suppressed both Ni
removal from solution and the formation of a surface precipitate at pH 7.5, which was
attributed to strong complexation of the metals by the small organic acids. The small
organic acids are used as substitute for humic substances, which are complex organic
molecules. Interestingly, a study by Zachara et al. (1994) on Co*" sorption by a
subsurface mineral separate showed that the presence of a humic acid coating
augmented, rather than changed the intrinsic adsorption behavior of the mineral

sorbents. This indicates that humic substances, especially when coated onto mineral
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surfaces might have a different impact on Ni uptake behavior than small organic
molecules.

A study on Ni sorption on the clay fraction of a Matapeake silt loam, with and
without a small organic fraction (~ 1 wt%), suggested that Ni-Al layered double
hydroxides (Ni-Al LDH) can be formed in soils (Roberts, 1999). In these experiments,
formation of a Ni surface precipitate was not observed at pH 6 in contrast to systems
aged at pH 6.8 and 7.5. These results stress the importance of verifying the potential
for surface precipitation in soils. However, identification of these phases in whole
soils may be difficult, due to limitations of the spectroscopic techniques employed to
separate different phases in multi component systems. The ability to ascertain the
generality of the formation of these stable phases can be improved by examining the

effect of competitive surfaces in the soil matrix.

1.4  The role of (micro focused) XAS in elucidating metal sorption mechanisms

X-ray absorption spectroscopy (XAS) is commonly divided into the extended X-ray
absorption fine structure (EXAFS) region (> 30 eV above the absorption edge) and the
X-ray absorption near edge spectroscopy (XANES) or near-edge X-ray absorption fine
structure (NEXAFS) (region between 30eV below and above absorption edge). There
is no fundamental distinction between the physics of EXAFS and XANES other than
the complexity of the spectra arising from the dominant electronic processes in each

region. For this reason EXAFS and XANES are referred to jointly under the terms
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XAS. The primary role of synchrotron based XAS in environmental studies is to help
delineate the different sorption complexes formed at the particle-solution interfaces.
Information obtained from XAS analysis include the oxidation state of the target
metal, identification of nearest neighbours around the central metal atom, and
coordination number and bond distances to the nearest neighbours. The major
advantage of XAS over other spectroscopic techniques such as XPS and energy
dispersive spectroscopy (EDS) is that samples can be studied in situ, without any
sample alteration.

When attempting to study metal speciation in heterogeneous systems using XAS, one
must realize that standard (bulk) XAFS probes an area of several millimeters in a
sample, where Zn could be present in multiple phases. When Zn is present in multiple
phases, the atomic shells from the different species overlap so that one cannot separate
them out when there is a mixture (Manceau et al. 2003). With the advent of high-
brilliance synchrotron radiation sources, it is now possible to identify metal species in
dilute concentrations with high spatial resolution, using p-focused extended EXAFS.
When probing only a small area of a sample, typically several square micrometers, one
can minimize the number of species contributing to the overall spectrum. By treating
the p-EXAFS spectra of the unknown sample as a whole, i.e. fitting linear
combinations of reference spectra to the unknown spectra, one can than deconvolute
up to three major species contributing to the overall spectrum. The success of such a
fitting approach depends on the availability of all unknown species in the reference

database. Even when a large database of reference spectra is available and a good fit is
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achieved, there is some doubt whether a unique solution is achieved (Wasserman
1999). By collecting a great number of spectra of the sample one can use principal
component analysis (PCA) to determine how many independent components are

needed to reproduce the complete dataset.

Although p-focused EXAFS has great potential to probe the Zn speciation in
soils, it has only been applied in some limited cases. Both bulk and p-focused XAFS
analyses were performed on the surface and subsurface layers of a smelter
contaminated soil (Roberts et al., 2002). These soils did not receive any pretreatments
and the pH was around 5. XAFS revealed that the Zn distribution in the surface soil
consisted of approximately 66% franklinite and 34% sphalerite (ZnS), material
aerially deposited from the smelter. Zn in the subsurface soil was dominated by
sorption complexes to Al-bearing minerals and to a lesser extent to Fe oxides. More
labile outer-sphere complexes were also present in this sample.

By collecting polarized EXAFS spectra of a separated soil clay fraction,
Manceau et al. (2000) found that Zn is partly incorporated into neo-formed
phyllosilicate phases formed in an area near a former Zn smelter in Belgium. This is
the first and only study so far, indicating that Zn surface precipitation can be an
important sorption mechanism of metals in heavily contaminated areas.

Soils around the historic Maatheide smelting facility in Belgium have been
exposed to deposition of metals for years. The soils in the vicinity around the smelter

were contaminated with Zn in concentrations up to several thousand parts per million
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and thus provide an ideal place to study the importance of surface precipitates. Severe
phytoxicity and subsequent soil erosion have resulted in 135 ha of bare land, after 80
years of Zn smelting. Twelve years ago, a remediation project was started to in situ
remediate the soil (Vangronsveld et al. 1995). This is one of the longest running in situ
remediation projects in the world, which makes it a perfect place to study the

importance of surface precipitates in reducing the bioavailability of Zn.

1.5 OBJECTIVES OF DISSERTATION RESEARCH

The goal of my dissertation research was to obtain a fundamental
understanding of the reactions that first row transition metals undergo in multi-sorbent
systems, in which a variety of sorption mechanisms are available for metal uptake. To
successfully model and predict the fate of metals in soils and sediments, insights into
the competiveness of available sorption mechanisms is cruciai. Emphasis is placed on
understanding the formation and stabilization mechanisms of metal containing surface
precipitates in such heterogeneous systems, since these surface precipitates might
contribute to a significant reduction of the bioavailability of the metal in the
environment. The overall strategy for this research was to combine macroscopic
adsorption and desorption experiments with in situ spectroscopic and microscopic

techniques to gain molecular-scale insight into metal sorption mechanisms.
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Specifically the objectives of this dissertation research were:

1) To determine the effect of two coatings, an organic (humic acid) and an iron
oxide (goethite) coating, on intrinsic metal (Ni and Zn) sorption mechanisms,
including surface precipitation, to the underlying kaolinite surface.

2) To determine the Zn speciation and presence of surface precipitates in
remediated and non remediated Zn contaminated smelter soils using state of
the art micro-focused spectroscopic analysis.

3) To ascertain the mechanisms of metal-humic substance interactions using

novel scanning transmission X-ray microscopy and C-NEXAFS spectroscopy.
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Chapter 2

NICKEL SEQUESTRATION IN A KAOLINITE-HUMIC ACID MIXTURE

2.1 ABSTRACT

Incorporation of first row transition metals into stable surface precipitates can play an
important role in reducing the bioavailability of these metals in neutral and alkaline
soils. Organic coatings may interfere with this sorption mechanism by changing the
surface characteristics and by masking the mineral surface from metal sorptives. In
this study, kinetic sorption and desorption experiments were combined with extended
x-ray absorption fine structure (EXAFS) spectroscopy, to elucidate the effect of humic
acid (HA) coatings on the formation and stabilization of nickel precipitates at the
kaolinite-water interface. Initial Ni uptake (pH = 7.5, [Ni}, =3mM and /= 0.02 M
NaNO;) increased with greater amounts of HA coated onto the kaolinite surface. Ni
uptake continued over an extended period of time without reaching an apparent
equilibrium. EXAFS analysis of the Ni sorption complex structures formed over time
(up to 7 months) revealed the formation of a Ni-Al layered double hydroxide (LDH)
precipitate at the kaolinite surface in the absence of HA. Humic acid alone formed an
inner-sphere complex with Ni (with 2 Carbon atoms at an average radial distance of
2.85 A). A Ni-Al LDH precipitate phase was formed at the kaolinite surface in the
presence of a 1wt% HA coating. However, with 5-wt% HA coated at the kaolinite
surface, the formation of a surface precipitate was slowed down significantly and the

precipitate formed was similar in structure to Ni(OH); (s). The Ni(OH). precipitate
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was not resistant to proton dissolution, while the Ni-Al LDH precipitate was. These
results augment earlier findings that the incorporation of Ni and other first row
transition metals into stable surface precipitates is an important sequestration pathway
for toxic metals in the environment, despite the presence of ubiquitous coating

matenials such as humic acids.

2.2 INTRODUCTION

The mobility and bioavailability of trace metals in soils is largely dictated by reactions
taking place at the soil solution-particle interfaces (Hochella 1990, Sparks 1995).
Therefore, a complete understanding of long-term metal availability depends on
knowing the adsorption and desorption reactions taking place at the soil particle
surfaces. Laboratory studies of metal partitioning identified the incorporation of Cr,
Ni, Co, Cu and Zn into a neoformed surface precipitate as the primary sorption
mechanism for these potentially toxic metals at pH > 6.0 (Fendorf et al. 1994,
Scheidegger et al. 1997, O’Day et al. 1994, Towle et al. 1997, Xia et al. 1997, Cheah
et al. 1998, Schlegel et al. 1999, Ford and Sparks 2000). Depending on the reaction
conditions, time and the absorbent phase present, either a metal hydroxide, a mixed
layered double hydroxide (LDH) or a phyllosilicate formed at the mineral surfaces
(Thompson et al. 1999a, Thompson et al. 1999b, Manceau et al. 1999, Ford et al.
1999, Scheinost and Sparks 2000). These neo-formed phases form well below
theoretical monolayer coverage and in a pH range at which metal hydroxide

precipitates would not be expected to form according to their thermodynamic
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solubility product. The precipitates are stabilized upon aging (Ford et al. 1999,
Scheckel et al. 2000). This stabilization has been attributed to the transformation of a
mixed layered double hydroxide phase into a more stable phyllosilicate phase and/or
to Ostwald ripening. Identification of the potential of surface precipitate formation in
non-acidic soils is important, since this sorption process might lead to the long-term

removal of potentially hazardous first row transition metals from the soil solution.

Zn-containing surface precipitates have recently been identified in soils close
to smelter facilities (Morin et al. 1999, Manceau et al. 2000). The conditions in these
soils are favorable for the formation of precipitates, with high concentrations of metal
(weight percent) present, alkaline pH, and relatively small amounts of organic matter.
Organic matter and particularly humic substances (HS), the stable organic pool in
soils, can strongly compete for metal uptake with the mineral surface and may mask
the mineral surface from metals in the solution phase (Stevenson 1994, Vermeer et al.
1999, Pétrovic et al. 1999). Humic substances are ubiquitous in soils, and are often
intimately associated with clay minerals (Stevenson 1994). A study on Ni sorption
mechanisms on the clay fraction of a Matapeake silt loam, with and without a small
organic fraction (~1-wt%) present, suggested that Ni-Al layered double hydroxides
formed in soils with low organic matter content (Roberts et al. 1999). However,
identification of Ni sorption complexes that have formed in whole soils is challenging,
due to the limitations of current avéilable spectroscopic techniques in separating a

broad array of sorption sites, each with a unique spectroscopic signature.
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Our understanding of the relative importance of surface precipitate formation
in natural systems can be improved by examining the effect of individual competitive
sorbents on the mechanism of surface precipitate formation. Elzinga and Sparks
(1999) studied the competition between Ni adsorption onto montmorillonite and Ni
surface precipitate formation on pyrophyllite, and found that neither mechanism was
dominating. Yamaguchi et al. (2001) studied the influence of small organic acids, i.e.
citrate and salicylate, on Ni sorption onto gibbsite and pyrophyllite. These organic
acids suppressed Ni removal from solution and the formation of a surface precipitate.
These results were attributed to strong metal complexation by the small organic acids
in solution. Conversely, a study by Zachara et al. (1994) on Co*" sorption by a
subsurface mineral separate showed that the presence of a humic acid coating
augmented, rather than changed the intrinsic sorption behavior of the mineral sorbents.
This suggests that humic substances, especially when coated onto mineral surfaces,
may have a different effect on Ni uptake behavior than do small organic molecules in
solution.

In the present study, macroscopic Ni sorption and desorption kinetic studies
are combined with extended x-ray absorption fine structure (EXAFS) spectroscopy to
characterize the structure and stability of the sorption complex formed on kaolinite
coated with humic acid (HA). The objective of the present work is to elucidate the
effects of HA coatings on mechanisms of Ni surface precipitate formation and
stabilization. A range of organic matter contents representative of those found in soils

is used as coatings (Sparks 1995). The HA coatings may interfere with the intrinsic Ni
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sorption mechanisms to kaolinite in several ways: First of all, formation of Ni and Al
organic complexes can reduce the availability of these metals for the formation of a
precipitate phase. On the contrary, enhanced mineral dissolution by organic acids can
lead to a larger availability of Al and Si for the stabilization of the precipitate. Second
of all, the metal uptake capacity of the coated kaolinite is significantly higher than that
of kaolinite, due to the larger surface area and cation exchange capacity (CEC) of the
HA coated kaolinite. Additionally, the presence of organic coatings may alter the
reactivity of the underlying kaolinite surface, by forming inner-sphere complexes with
the highly reactive aluminol groups of the kaolinite edge sites and by modifying the

electrical properties of the kaolinite-water interface (Templeton 2001).

2.3 MATERIALS AND METHODS

2.3.1 Materials

The kaolinite used in this study is a well-crystallized Georgia kaolinite, Clay Mineral
Society source clay (KGa-1). The kaolinite was treated for the possible presence of
carbonates, organic matter and manganese/iron oxides using standard procedures
(Jackson 1956). Carbonates and exchangeable divalent ions were removed by reaction
with a NaOAc buffer at pH 5 in a near boiling warm water bath. Organic matter was
removed by treatment of the kaolinite with 30% H,0-. Iron oxides were removed with
a dithionite-citrate-bicarbonate mixture in a 80°C warm water bath. The resulting

kaolinite was washed twice with a 1.0 M NaCl solution, and twice with DI water. The
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<0.2 pm fraction was separated by centrifugation, dialyzed against milli-Q H-O, and

freeze-dried.

A well characterized HA isolated from a bog-soil collected in the White Mountain
National Forest in Rumney, New Hampshire, was supplied by Drs. G. Davies and E.A.
Ghabbour (Northeastern University, Boston, MA, USA). The isolation procedure and
characterization of the HA are outlined elsewhere (Davies et al. 1997). Essentially the
soil was pre-treated with mild solvents (a benzene-methanol mixture). After pre-
extraction the humic substances were extracted with aqueous base. The ash content of
this HA is 0.25 wt%. The supernatant was brought to pH 1.0 with concentrated HCL.

The remaining HA gel was washed and freeze-dried before any further use.

Humic acid coated kaolinite samples containing 1 and 5 wt.% of humic acid were
prepared by dissolving 0.01 g (1-wt%) and 0.05 g (5-wt%) HA in 50 mL of a N
purged 0.05 M NaOH solution. The HA solution was brought to pH 7.5 prior to
mixing with 1 g of kaolinite. The pH of the kaolinite-humic acid suspension was
brought to 3.5. This mixture was shaken for 48h and brought to 200 mL, pH = 7.5 and
I =0.02 M NaNO; prior to the sorption experiments. For all experiments, the mass of
kaolinite was maintained constant (5 g L") while the fraction of organic matter was
varied.

The cation exchange capacity (CEC) of the solids was determined by Ba-Mg

exchange, without pH buffering. The specific surface area of the solids was
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determined by a five point N> Brunauer-Emmett-Teller (BET) gas adsorption isotherm
method. The CEC and the specific surface area of the mixtures and individual

components are given in Table 2.1.

2.3.2 Nickel sorption experiments.

The kinetics of Ni partitioning to kaolinite (hydrated in the background solution for
48h), 5-wt% HA (dissolved in 0.05 M NaOH, precipitated at pH 3.0, after which the
pH was raised to pH 7.5), and kaolinite coated with 1 and 5-wt% HA were studied in
batch reactors. Experiments were carried out in a 0.02 M NaNO; background solution
and at pH 7.5, since previous research (Scheidegger et al. 1997, Scheinost and Sparks
2000) indicated that Ni-Al precipitates do form at this pH in the absence of competing
sorbent surfaces. The systems were purged with N1, and milli-Q H,O was used
throughout to minimize the formation of carbonates. Nickel from a 0.1 M Ni(NO;),
stock solution was added in one mL aliquots to achieve an initial [Ni] of 3 mM. The
solution was undersaturated with respect to homogeneous precipitation of Ni(OH),
(29). The pH was kept constant at 7.5 using a Radiometer pH-stat titrator (Westlake,
OH) for the first two days and afterwards by weekly manual readjustments using 0.1
M NaOH. Samples (10 mL) were periodically collected from the suspension and
filtered through a 0.2 pm membrame filter. Filtered supematants were analyzed for
dissolved Ni by inductively coupled plasma optical emission spectroscopy (ICP-OES).
Solid samples were collected after 4 days, 2 weeks, 1 month and 7months for

characterization using XAFS spectroscopy. Solids were isolated under vacuum
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filtration and transferred to a polyethylene holder. The wet paste was sealed into the

holder with 0.0005-in. Kapton polymide tape (CHR Industries, type K-104) to avoid

moisture loss during analysis.

CEC(meq.100g ')’

BET-surface area

Kaolinite
1-wt% HA-kaolinite
5-wt% HA-kaolinite

Humic acid

9.37 (pH 6.0)
25.80 (pH 5.5)
29.62 (pH 5.5)
83.83 (pH 3.6)

1401 mg "
13.42 m’g "
11.68 m’g "'

1.25m’g "

+ = Cation Exchange Capacity, determined by Ba-Mg exchange. unbuffered

Table 2.1. Summary of the physicochemical characteristics of the solids used in this

study.
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2.3.3 Desorption experiments.

The effect of a 5-wt% HA coating on the reversibility of Ni sorption to kaolinite was
studied using a replenishment technique. Thirty (30) mL aliquots of suspension were
separated from the kaolinite and Swt% HA-kaolinite sorption experiments after 7
months of reaction. These aliquots were centrifuged at 2500 g for 10 min. The
supernatants were collected for ICP-OES analysis, the remaining solids were
resuspended in either the NaNO; background electrolyte solution used in the sorption
experiments (pH = 7.5, 1 = 0.02 M NaNOs), in a CaCl, solution (pH=6.0, [=0.01 M
CaCl:) or in a 0.1 M HNO; solution (pH = 4.0). The solids were resuspended using a
Vortex stirrer, shaken for 24h at 25 °C in a reciprocal shaker, and centrifuged at 2500

g for 10 min. This replenishment was repeated 14 times.

2.3.4. XAFS data collection and analyses.

X-ray absorption spectra were collected at beamline X-11A of the National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory. The electron
storage ring operated at 2.8 GeV with an average beam current of 180 mA. The
monochromator consisted of two parallel Si (111) crystals with an entrance slit of
0.5mm. Higher order harmonics were suppressed by detuning 25% from the maximum
beam intensity. The monochromator position was calibrated by assigning the first
inflection point on the K-edge of a nickel metal foil to 8333.0 eV. The spectra were

collected in fluorescence mode using an Ar-filled Lytle detector. A 6um-Co filter and
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soller slits were placed between the sample and the detector to reduce elastic
scattering. The incoming beam was measured with a N,-filled ion chamber. All
spectra were collected at room temperature and at least three scans were collected per

sample to improve the signal to noise ratio.

XAFS data reduction was performed using WinXAS 2.1 following standard
procedures (Eick and Fendorf 1998, Scheinost and Sparks 2000). The y function was
extracted from the raw data by fitting a linear function to the pre-edge region and a
spline function to the post-edge region, and normalizing the edge jump to unity. The
energy axis (eV) was converted to photoelectron wave vector units (A™') by assi gning
the origin, E,. to the first inflexion point of the absorption edge. The resulting (k)
functions were weighted with k’ to compensate for the dampening of the XAFS
amplitude with increasing k and were Fourier-transformed to obtain radial structure
functions (RSF). A Bessel window with a smoothing parameter of 4 was used to
suppress artifacts due to the finite Fourier filtering range between Ak = 1.5-13.8 A
The two major peaks below 3.5 A" in the Fourier transformed curves were isolated
and backtransformed. An R range of = 1.07-2.04 A! was used for the first peak and an
R range of = 2.04-3.28 A"! for the second. These backtransformed peaks were fit in k
space. Structural parameters were extracted with fits to the standard EXAFS equation.
Ab initio Ni-O and Ni-Ni/Al (or Ni-C for the HA containing samples) scattering paths

were generated using the FEFF 7.02 code from the refinement of the structure of
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lizardite where Ni was substituted for Mg in octahedral positions (Mellini 1982). After
each of the individual peaks in the Fourier transform spectra were backtransformed
and fit, multishell fitting was done in R space over the range of the first two shells (AR
= 1.07-3.30) using the same parameters. Optimization of the parameters was then
performed again, with the E, shifts constrained to be equal. The amplitude reduction
factor, (S.)’, was fixed at 0.85. A good fit was determined on the basis of the

minimum residual error.

24 RESULTS AND DISCUSSION

2.4.1 Solid characteristics

The physicochemical characteristics of the solids used in this study are collected in
Table 2.1. The CEC was determined by Ba-Mg exchange and without the presence of
a pH buffer, since these organic pH buffers could potentially interact with HA. The
CEC's of the (coated) kaolinite samples were all determined at pH ~ 5.5. The CEC
increases significantly when kaolinite is coated with increasing amounts of HA. The
CEC of the HA was determined at a much lower pH ~3.6. Most carboxyl groups
deprotonate between pH 4 and 6. Therefore the CEC of HA is expected to be much
higher at pH 5.5. Cation exchange capacities ranging from 300 to 1400 cmol kg have

been reported for HA in the literature (Sparks 1995).

The BET surface area values reported in Table 2.1 compare with values reported in the

literature (Pennell 1995, deJonge 1996) and are an indication of the small pore size of

44



HA, rather then the external surface area. The reason for this is that nitrogen is subject
to molecular sieving at 77 K due to activated diffusion in micropores of HA (deJonge
1996). The large HA surface area determined by the ethylene glycol monomethyl ether
(EGME) method and reported in the literature, is a consequence of polar interactions
between HA and EGME. No reliable methods are currently available to determine the
precise surface area of humic substances and subsequently the total surface loadings
could not be reported in this study. The decreasing BET surface area with increasing
amounts of HA coated at the kaolinite surface indicates that a significant portion of the

kaolinite surface is being covered by the HA.

2.4.2  Adsorption kinetics

The adsorption of Ni as a function of time was investigated on pristine kaolinite and
HA, and on 1 and 5 wt% HA coated kaolinite (Figure 2.1a,b). Only 8% of the initial
Ni concentration was retained by the pristine kaolinite surface after 60 hrs of reaction,
while approximately 40% was retained by the HA only system, indicating that HA has
a much higher reactive surface area than kaolinite. After 60 hours, the 1 and 5 wt%
HA coated kaolinite retained approximately 18 and 25% of initial Ni concentrations,
respectively. Increasing metal sorption with increasing amounts of HA coated on the
mineral surface, has also been reported for cobalt sorption to organic matter — mineral
complexes (Zachara 1994).

The 5 wt% HA has a higher sorption capacity than when the same amount of HA is

coated at the kaolinite surface. This suggests that a significant amount of the nickel
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sorption sites on both kaolinite (edge sites) and HA (mainly carboxylic and phenolic
functional groups) have become unavailable as a result of the formation of chemical
bonds between the kaolinite and the humic acid.

The release of Ni by the HA after about 30 h of reaction may be caused by the partial
dissolution of HA at the basic pH employed in this study. The release of Ni is not
observed in the HA-coated kaolinite samples. This is due to a stabilization of HA
when it is bound to clay minerals (Stevenson 1994, Ghabbour et al. 1998).

Nickel sorption to kaolinite and kaolinite coated with 1-wt% HA is initially fast and is
followed by a slow continued Ni uptake (Figure 2.1b). A slow continued Ni uptake
can be observed to a lesser extent for the 5 wt% HA-kaolinite. This two-step sorption
process is characteristic of heavy metal sorption on clays and oxide surfaces
(Benjamin 1981, Scheidegger 1997). Several mechanisms have been proposed for the
slow continued metal uptake by clays and oxide surfaces, including: adsorption of
metals onto sites that have relatively large activation energies (Scheidegger et al.
1997, Strawn and Sparks 2000, Papelis 1995), diffusion into micro-pores of the
minerals (Strawn and Sparks 2000, Axe and Trivedi 2002), and a continuous growth
of a surface precipitate away from the sorbent surface (Eick and Fendorf 1998).
EXAFS studies indicated the formation of Ni-Al LDH at the kaolinite surface under
the reaction conditions employed in this study and in the absence of organic matter
(Scheidegger 1997, Eick and Fendorf 1998). Therefore it is likely that the growth of a
surface precipitate away from the kaolinite surface is responsible for the continued Ni

uptake by the kaolinite. Driving forces for a continuous growth of a surface precipitate
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include the continued presence of Ni in solution, and the increase in surface area due
to the formation of a precipitate phase. It is likely that several sorption mechanisms are
involved in the Ni uptake by the HA coated kaolinite systems, since several different
sorption sites are available in these systems. The higher initial Ni sorption in the HA
coated systems and the slower continued Ni uptake (about 12 % of the initial Ni
sorption in 9000h) compared to the pristine kaolinite (almost double the initial Ni
sorption), indicate that, besides the formation of a surface precipitate, the formation of
sorption complexes with the functional groups of HA play an important role in the

sequestration of Ni (see also EXAFS discussion later in this chapter).
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Figure 2.1. Ni sorption kinetics a) within the first 60 hours (initial sorption
conditions: pH = 7.5. 1=0.02 M NaNO;, [Ni]i=3 mM) and b) Ni sorption kinetics

over the entire reaction range.
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2.4.3 Desorption behavior

To compare the stability of the sorption complexes formed at the kaolinite-water and
the kaolinite-HA coating-water interfaces, desorption experiments were carried out.
Three desorption agents were employed: a background electrolyte solution (pH = 6.0,
I= 0.02 M), a calcium chloride solution pH=6.0, 1=0.1M) and a nitric acid (pH = 4.0)
solution. The background solution is most likely to remove any weakly held outer
sphere complexes. The calcium solution, which is two orders higher in concentration
than the nickel solution, can out compete for Ni at HA binding sites where
electrostatic interactions dominate (Naylor and Overstreet 1969, Mandal et al. 2000)
and is expected to remove most electrostatically bound Ni from the HA. Nitric acid
can remove Ni from both the HA, by proton competition, and from a precipitate phase
by proton dissolution. Proton dissolution is especially effective when a less stable
nickel-hydroxide is being formed (Scheckel and Sparks 2001).

The relative amount of Ni remaining on the surface is plotted versus the number of
replenishments (Figure 2.2). Nickel desorption behavior from the kaolinite surface
changed little as the number of desorption replenishments is increased. Only HNO;
slowly released Ni with each replenishment. The initial 30 % Ni released from the
kaolinite sample with the first replenishment included some Ni entrapped in the wet
paste after centrifugation and weak, electrostatically bound Ni. The remaining 70%
could not be desorbed from the kaolinite surface with the CaCl, or the NaNO;
background solutions. Similar results for desorption of Ni, after 6 months of contact

time with mineral surfaces, were observed by others (Ford et al. 1999, Scheckel and
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Sparks 2001). The presence of this resistant fraction has been attributed to the
formation and subsequent stabilization of a surface precipitate. Nickel desorption form
HA-coated kaolinite was markedly different than what was observed for the pristine
kaolinite system. The CaCl, solution was more effective in removing a small nickel
fraction than the NaNOj solution, suggesting that a small Ni portion (~35%) is bound
directly to the HA. However, a stable Ni fraction (~65%) could not be desorbed by
either the CaCl; or NaNO; background solutions. The HNO; solution desorbed
essentially all Ni from the HA coated kaolinite samples with 14 replenishments. This
slow, yet total Ni release has been found to be characteristic of Ni release from nickel
hydroxide phases, which are not stable to proton dissolution (Scheckel and Sparks
2001).

From the sorption and desorption studies it may be concluded that the HA coating
almost tripled the total Ni uptake, but the sorption complex formed in the presence of
this coating is less stable to proton promoted dissolution than the sorption complex

formed in the absence of the coating.
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Figure 2.2. Percentage Ni remaining at the kaolinite or the 5-wt% HA-kaolinite
surface after desorption with a) the background electrolyte (pH=7.5. I= 0.02 M
NaNO:s) or b) a calcium chloride solution (pH=6.0, [=0.1 M CaCl-) or ¢) a nitric acid

solution (pH=4.0).
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