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ABSTRACT

Kinetic and equilibrium studies were conducted on Ni and Pb sorption to
pyrophytlite, montmorillonite, illite, amorphous silica, and goethite, using X-ray
absorption spectroscopy (XAS) and attenuated total reflectance fourier transform
infrared spectroscopy (ATR-FTIR) to characterize sorption reactions on a molecular
level. In all systems, competition between different modes of metal uptake was
observed, with the final metal speciation being controlled by system parameters such
as pH, ionic strength, reaction time, the presence of competing mineral surfaces, and
the presence of co-adsorbing oxyanions.

In a study of Ni sorption in a 1:1 pyrophyllite-montmorillonite clay
mineral mixture, using XAFS to assess the distribution of sorbed Ni over the mixture
components, Ni uptake was found to occur via both adsorption on the montmorillonite
phase and Ni-Al hydroxide precipitation associated with the pyrophyllite phase. This
study showed that Ni-Al hydroxide precipitation may take place on the same time
scale as adsorption mechanisms. which is not accounted for in current models
describing metal sorption to (clay) minerals.

In another study. Ni sorption to illite was investigated as a function of pH,
ionic strength and reaction time, using XAFS to characterize the Ni sorption products
formed. lllite is a clay mineral that contains edge sites available for inner-sphere Ni
complexation, internal planar sites capable of outer-sphere Ni adsorption. and
structural Al that may dissolve to form Ni-Al hydroxide coprecipitates. The Ni

speciation was found to be strongly dependent on reaction conditions. At pH>6.25,
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Ni-Al hydroxide phases formed, whereas at lower pH values, Ni sorption proceeded
via adsorption to illite edge and planar sites. The reaction time affected both the
extent and speciation of sorbed Ni at pH>6.25. Continued Ni uptake over time was
observed in this pH range. with faster sorption rates as pH increased. XAFS results
showed that this was due to continued growth of Ni-Al hydroxide species over time.
At a given loading level, however, pH dependent differences were found in the Ni
speciation, which was due to differences in either the composition or the amount of the
Ni-Al hydroxide phases formed. Lowering the ionic strength raised the overall Ni
sorption at any given pH. XAFS data showed that this was due to the formation of
outer-sphere Ni sorption complexes.

In a study of Pb sorption to amorphous silica. XAFS was used to
characterize the Pb sorption mechanisms as affected by pH and ionic strength. The
system pH affected both the extent and the mechanism of Pb sorption. Raising the pH
resulted in increased Pb sorption. At low pH (<4.5), significant outer-sphere Pb
sorption was observed, along with inner-sphere adsorption to high affinity surface
sites. As pH increased from 4.5 to 6.3, Pb inner-sphere adsorption and Pb nucleation
became increasingly important, whereas outer-sphere sorption systematically
decreased and became negligible at pH>6.0. Although lowering the ionic strength
resulted in increased Pb sorption, essentially no differences in Pb speciation at a given
pH value were found in systems with low (I=0.005M) and high (I=0.1M) ionic
strength. This indicated that the additional Pb sorption resulting from lowered |
occurred via both outer- and inner-sphere Pb complexation, as well as Pb nucleation,
dependent on pH.

Co-adsorption of Pb and SO; to goethite over the pH range 4.5-6.0 was

studied using ATR-FTIR to probe the molecular coordination environment of sorbed

Xii



SO,. and XAFS to probe the chemical environment of sorbed Pb. Both the IR and the
XAFS results pointed to the formation of the Pb-SO; ternary complexes forming at the
goethite surface in the pH range studied. Although it was not possible to exactly
determine the configuration of the Pb-SOj-goethite ternary complexes, we were able to
limit the choices to a couple of possible options. In addition to the formation of
ternary complexes, Pb adsorption also had an electrostatic effect on SOy sorption to
goethite. These effects were more pronounced at higher pH values and lower Pb

additions.
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Chapter 1

INTRODUCTION

1.1 Scope of Research

Retention of heavy metal ions on soil mineral surfaces is a crucial process for
maintaining environmental quality. A thorough understanding of the sorption
mechanisms involved in the interaction between heavy metals and soil mineral
surfaces is therefore of fundamental importance. Sorption reactions at solid-water
interfaces decrease the solute mobility and often control the fate. bioavailability. and
transport of trace metal ions such as Zn. Cd. Ni. and Cu in aquatic and soil
environments. Correctly determining the sorption mechanisms of metals on clay and
other mineral surfaces is therefore of great importance for understanding the fate of
such pollutants in contaminated soils and sediments. and the hazard they present to
humans and soil biota.

Metal sorption is defined here broadly as the transfer of metal ions from the
solution phase to the solid phase induced by the presence of mineral surfaces. There

have been numerous studies on metal sorption in “simple™ systems. where only metal



ions and indifferent electrolyte ions are present (e.g. Maguire ef /.. 1981: Kim and
Ferguson. 1992: Zachara et al.. 1993). The following processes have been suggested
to play a role in the overall sorption of metal cations by soil minerals: cation
exchange. chemisorption. surface precipitation. and diffusion. The relevance of each
of these processes in a sorption experiment is determined by 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 reaction time employved.

In ligand containing systems. which soils typically are. metal sorption may be
different from “simple™ systems due to metal-ligand and/or ligand-surface
interactions. The results can not be generalized easily: metal sorption sometimes
decreases and sometimes increases depending on the particular metal. ligand. sorbent
and pH range being studied.

There is a need to characterize metal sorption reactions to soil mineral surfaces
as a function of variables that may control metal speciation in natural soil settings.
These include pH. ionic strength. reaction time. the presence of competing surfaces for
metal uptake. and the presence of non-inert co-adsorbing oxyanions. Application of
in-situ spectroscopic techniques in performing such research is particularly useful.
since these provide mechanistic molecular scale information on the sorption reactions

studied.
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1.2 General Sorption Processes

1.2.1 Cation Exchange

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 electrostatic 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. 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).

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”
The selectivity coefficient (K;) can be written:
Ks = ([Na]” Nae) / ([Me](Nxa)™)
where [Na] and [Me] represent the molarity of the metals in solution. and Ny, and Na.
symbolize the fraction of clay exchange sites occupied by Na™ and Me™". Equation (1)
shows that multivalent cations effectively displace monovalent cations from clay
exchange sites when the monovalent cation concentration is low. Studies on Na*-
Me™ exchange reactions on Na'-saturated sorbents such as the Wyoming, Camp

Berteau, and Chambers montmorillonites (Peigneur et al., 1975; Inskeep and Baham,

w






