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Molecular cluster models of aluminum oxide and aluminum hydroxide surfaces
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ABSTRACT

Ab initio, molecular orbital calculations for two different Hartree-Fock basis levels were
performed on clusters in the system Al-O-H, and tested by comparing derived vibrational
frequencies to the measured values for aluminum oxides and aluminum oxyhydroxide
minerals. Models were chosen to reflect surface groups that may be present on aluminous
minerals such as a-Al2O3 (corundum) and Al(OH)3 (gibbsite). Protonation and deproton-
ation reactions on bridging and terminal oxygen or hydroxyl sites were modeled to inves-
tigate the effects of solution pH on the structure of surface groups. Relative deprotonation
energies, including solvation effects, were calculated for each site using the self-consistent
isodensity polarized continuum model of Keith and Frisch (1994), and then used to predict
the order in which each particular surface group protonates.

INTRODUCTION

Surfaces of aluminum oxide and oxyhydroxide min-
erals have been investigated for many years (see Boehm
1966 for a review). Models of the surface groups present
on these minerals have been derived from interpretations
of surface titrations (e.g., Stumm and Morgan 1981;
Schindler and Stumm 1987) and infrared band assign-
ments (e.g., Tsyganenko and Filimonov 1973; Morterra
et al. 1976; Boehm and Knözinger 1983; Koretsky et al.
1997). These models have been used to explain adsorp-
tion and dissolution reactions of mineral surfaces in soils
and sediments (e.g., Davis and Leckie 1978; Furrer and
Stumm 1986; Schindler and Stumm 1987). Extrapolation
of these models based on oxides for use as end-member
components in feldspars (Parks 1967) has made the sur-
face protonation concepts proposed by Stumm and co-
workers (Hochella and White 1990 and references there-
in) the most common view of mineral surfaces in
geochemistry.

Models of speciation on mineral surfaces are often
oversimplified. Numerous oxygen or hydroxyl sites exist
on mineral surfaces; and the pKa of each type may be
affected by the crystal face that it occurs on, and position
on terrace, edge, or kink sites (Bleam et al. 1993; Rustad
et al. 1996). Bulk pKa’s for minerals lump all these effects
into a single value and do not account for variations in
reactivity at different surface sites. To understand mineral
dissolution reactions, the concept of reactive surface sites
is an important one. For example, mineral dissolution is
commonly described as proportional to mineral surface
area (Lasaga 1981); but long-term dissolution can, at
times, increase the mineral surface area and decrease the
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dissolution rate (Stillings and Brantley 1995). One expla-
nation of this phenomenon is that higher energy sites are
consumed first, leading to the formation of micropores or
etch pits (Holdren and Berner 1979; Berner and Holdren
1979; Berner et al. 1980; Hochella and Banfield 1995)
that increase surface area. The loss of higher energy sur-
face sites also has been used to explain [H4SiO4] concen-
tration profiles in sediments where aqueous silica is high
initially and decreases to a constant value at depth (Van
Cappellen and Qiu 1995). As lower energy sites come to
dominate the mineral surface, dissolution slows because
the DG of reaction decreases (Burch et al. 1993).

One purpose of this paper is to help differentiate
among various pKa’s associated with individual surface
sites that may contribute to overall pKa’s measured for
minerals. In this manner, it may be possible to derive
relative speciations of each site as a function of pH for
each mineral surface (e.g., Sverjensky and Sahai 1996).
Detailed mineral surface speciation would be useful in
deciphering the mechanisms of mineral dissolution.

Another purpose of this study is to build a basis for
modeling sorption reactions on aluminum oxide and ox-
yhydroxide surfaces. Adsorption of metals and organic
ligands to mineral surfaces is an important topic in en-
vironmental geochemistry because these reactions affect
the transport and fate of contaminants in soils, aquifers,
and sediments (Knezovich et al. 1987; Rebhun et al.
1992). Molecular modeling of adsorption reactions first
requires theoretical models of the mineral surfaces them-
selves. Earlier quantum mechanical studies of aluminate
surfaces have been carried out (Kawakami et al. 1984;
Kawakami and Yoshida 1985; Keyes and Watters 1989),
but recent software and hardware developments allow
substantial improvements to this previous work. Specifi-


