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Cd double-resonance NMR as a probe of clay mineral cation exchange sites
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ABSTRACT
A lack of direct spectroscopic evidence linking cations to the clay mineral structure is a primary
reason for many ambiguities regarding the location and structure of the binding sites. This study
attempts to obtain such evidence through the observation of nuclear-spin interactions between adsorbed
cations (113Cd2+) and nuclei present in the lattice structure of the clay (1H and 27Al) using solid-state
NMR. 1H-113Cd variable-amplitude cross-polarization (VACP) and 27Al-113Cd spin-echo double-resonance (SEDOR) experiments were successfully performed on dried, Cd2+-exchanged beidellite, montmorillonite, and vermiculite samples, demonstrating for the first time a direct interaction between
the adsorbed cations and the clay. VACP provides much greater cross-polarization (CP) efficiency
which enhances signal intensity necessary for these experiments. Signal intensity varies between
octahedral and tetrahedral binding sites because hydroxyls in the ditrigonal cavities of tetrahedral
sites produce greater CP efficiency presumably due to shorter 1H-113Cd distances in this environment. CP efficiency decreased in the order vermiculite>beidellite>montmorillonite. The observation of nuclear-spin coupling between cadmium and either 1H or 27Al in the minerals is consistent
with the presence of the cations in the ditrigonal cavities of the tetrahedral sheet. Inter-sample comparison of the strengths of coupling interactions follow expected trends based on charge location in
the crystal structure and Al speciation.

INTRODUCTION
Many of the processes that control the chemistry and
geochemistry of the Earth’s surface involve reactions that occur on the surface of the inorganic particles present in its soils
and sediments, or suspended in its waters. An important component of the inorganic particles present in these systems are
aluminosilicates, with clay minerals being a major constituent
(Theng 1979; Vinten and Nye 1985; Johnston et al. 1993). The
structure of clay minerals in these particulates varies from
amorphous hydroxyaluminosilicate materials, such as allophane, to relatively well-crystallized mineral materials such as
montmorillonite (van Olphen 1963; Grim 1968; Gieseking
1975).
The cation exchange properties of clay minerals are integral factors in their chemistry and geochemistry, and are particularly important in determining their role in the fate and
transport of inorganic contaminants. Cation exchange at aluminosilicate surfaces is thought to be the result of either
ditrigonal siloxane cavities whose charge results from isomorphic substitution of lower valence ions for higher valence ions
(e.g., Al3+ for Si4+) in the aluminosilicate crystal lattice, or hy-
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droxyl groups present on the particle surface. The nature of
cation adsorption and exchange reactions on aluminosilicate
surfaces is described in detail in many references (e.g., Grim
1968; Sposito 1984; Maes and Cremers 1986; Laudelout 1987).
The ability of clay particles to control the bioavailability,
the fate, and the transport of most cations present in a natural
system is well known (e.g., Champ et al. 1984; Sigg 1985;
Whitfield and Turner 1987; Buddemeier and Hunt 1988;
Penrose et al. 1990; Lieser et al. 1990; Stumm 1992). For example, the complexation of heavy metals such as Cd, Pb, or
Hg by suspended clay colloids could increase the apparent solubility of these elements and greatly facilitate their transport
through a system. Because most forms of these metals are relatively insoluble in natural systems, complexation by clay particles is a significant factor that must be considered to predict
the ultimate fate of a contaminant introduced into a natural
system.
Most studies of binding sites utilizing spectroscopic approaches have attempted to characterize the surface bindingsite (i.e., the ligand) using some characteristic of that ligand
(e.g., Axelson 1987; Fitzgerald et al. 1989). This type of approach is limited by the fact that the heterogeneous nature of
natural clay particles results in a broad distribution of ligand
characteristics (e.g., acidity) (Bernstein et al. 1986; Buffle 1988;
Ray et al. 1992), and consequently a broad range of complexformation equilibrium constants. Thus, even before interaction
with a cation, a broad range of signals exist that can make all
but the most obvious changes, such as the change in the chemi-
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