Immobilization of Ni by Al-modified montmorillonite: A novel uptake mechanism
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Abstract
The sorption capacity of montmorillonite clay minerals for small cations, such as Ni2+, can be greatly enhanced by modifying the clay mineral with Al(III). In this study, the mechanisms of Ni uptake by Al-modified montmorillonite were studied using extended x-ray absorption fine structure (EXAFS) spectroscopy of powders and polarized EXAFS spectroscopy of self-supporting clay films to delineate the binding structure of Ni formed as a function of the reaction conditions. Analysis of powder EXAFS spectra of wet pastes, collected from Ni-treated Al-modified montmorillonites reacted at pH 5–8, 25°C or 80°C (to accelerate the reaction process), and reaction times ranging from 1 month to 9 yrs, showed that Ni was surrounded on average by 6 O atoms at a distance of 2.05 Å and 6 Al atoms at 3.01 Å, suggesting the incorporation of Ni into a gibbsite-like structure. Only at pH 8, Ni-containing precipitates were congruently formed. Polarized EXAFS spectroscopy of self-supporting Ni-reacted Al-modified montmorillonite clay films showed a pronounced angular dependency of the spectra of the Ni-doped gibbsite, indicating that the orientation of this Ni-doped gibbsite coincided with the layering of the montmorillonite. Data analysis suggested that Ni is included slightly above and below the vacant octahedral sites of the postulated interstitial gibbsite monolayer. This newly identified mechanism of metal uptake by Al-modified montmorillonite provides a large metal sorption capacity and, because the metal is included in a monolayer gibbsite or gibbsite “islands” formed in the interstitial space of the clay mineral, it potentially leads to a permanent sequestration of the metal from the environment.
Introduction
Smectites are 2:1 clay minerals, where two tetrahedral sheets are bonded to one octahedral sheet (Güven, 1988). Owing to their high sorption capacity, smectites have been proposed as possible sinks for heavy metals in in situ remediation projects of large contaminated areas, liners in waste deposits, and backfill material in nuclear waste repositories. On montmorillonite, a dioctahedral smectite (dioctahedral meaning that two out of three octahedral sites are occupied), the tetrahedral positions are filled with Si, whereas the octahedral positions are filled by Al. Like most clay minerals, montmorillonite possesses both planar and edge sites capable of sorbing trace metal ions such as Ni2+. A permanent negative charge exists on planar sites owing to isomorphic substitutions (partial replacement of Al3+ by Fe2+ and Mg2+) in the octahedral layers (Güven 1988, Sparks 2003). Interaction with planar surfaces mainly occurs by electrostatic interactions, whereby the metals retain their primary hydration sphere upon interaction with the montmorillonite. Edge sites are formed by broken Al-OH and Si-OH bonds and protonate or deprotonate depending on pH (McBride, 1994). At edge sites, Ni can be held electrostatically or specifically by forming a chemical bond with the hydroxyl groups.
Extended x-ray absorption fine structure (EXAFS) spectroscopic studies, investigating the uptake mechanisms of Ni on smectite clay minerals, have shown that Ni uptake by smectite clay minerals depends on the ionic strength, pH, metal concentration, and reaction time (Scheidegger et al 1998, Elzinga and Sparks 2001, Dähn et al 2002, Dähn et al 2003).
At low pH (<5.0) and Ni concentrations <6 mM, no backscattering contribution from second neighboring Ni, Al, or Si atoms was observed in the EXAFS spectra. Consequently, it can be concluded that Ni is mainly electrostatically held, with water molecules bridging Ni to the basal planes of the clay mineral particles (Dähn, personal communication).
At higher pH (>5.0), and at low Ni concentrations (0.020 mM), Ni was found bound to two Al atoms at ∼3.0 Å, two Si atoms at ∼3.12 Å, and four Si atoms at ∼3.26 Å, indicating chemisorption, or alternatively specific sorption, of Ni at the edge sites of montmorillonite (Dähn et al., 2003).
At higher pH (>6.0) and higher initial Ni concentrations (>0.1 mM), newly formed Ni containing mineral phases were observed. Using powder EXAFS, Scheidegger et al. (1998) observed newly formed Ni phases when Ni (3.0 mM) was reacted with montmorillonite at pH 7.5. Further studies (Elzinga and Sparks, 2001) showed that the Ni precipitate forms at pH values as low as 6.25. The rate of formation for these new Ni phases thereby depends on the pH and increases with increasing pH. In a polarized EXAFS (P-EXAFS) study, Dähn et al. (2002) showed that the precipitates formed in the Ni-montmorillonite system under these reaction conditions (pH 8, [Ni]initial = 0.66 mM) resemble, in fact, a Ni-phyllosilicate phase, rather than a mixed Ni-Al layered double hydroxide (LDH) precipitate, as suggested by the earlier bulk EXAFS studies (Scheidegger et al., 1998). Dähn et al. (2002) were able to demonstrate this thanks to the use of P-EXAFS. The use of P-EXAFS spectroscopy allows overcoming the strong overlap of scattering contributions of cations (Ni and Al) at 3.0 ≤ R ≤ 3.1 Å in the octahedral sheet and cations (Si) at 3.15 ≤ R ≤ 3.23 Å in the tetrahedral sheets.
The scientific interest in the sorption mechanisms of Ni onto clay minerals arises from the following reasons: (1) Ni belongs to the suite of toxic metals (Ni, Cu, Zn, Cd, Pb, and Hg) that are subject to concentration limits in drinking water, and (2) large amounts of 59Ni and 63Ni, with half-lives of 75,000 and 125 yrs, respectively, occur as fission products in nuclear waste (Hummel and Curti, 2003).
The sorption properties of montmorillonite clays for small cations such as Ni2+, Cu2+, and Zn2+ can be strongly improved when the clay mineral is modified with monomeric Al(III) species or with the Al13 Keggin (AlO4Al12(OH)24·(H2O)127+(aq)) species (Harsh and Donner 1984, Furrer et al 1994). In a batch metal uptake study, Ni2+, Cu2+, and Zn2+ were found to specifically sorb on Al-montmorillonite compounds (Lothenbach et al., 1997). This finding was based on the fact that Ni, Cu, and Zn remained immobilized in the solid phase after a large excess of barium cations was applied to the metal-reacted Al-modified montmorillonite. For comparison, most heavy metals were remobilized when untreated montmorillonite was subjected to a large excess of barium cations (Lothenbach et al., 1997).
The above findings were solely based on macroscopic investigations. Therefore a molecular-level understanding on the uptake mechanisms of metal ions onto Al-modified montmorillonite is still needed, to obtain specific information on the Ni sorption mechanism and stability of the sorption complex formed.
In the present study, the molecular-scale uptake mechanism of Ni onto Al-modified montmorillonite was investigated using P-EXAFS. The uptake process was investigated for a variety of experimental conditions (pH (5–8), time (1 month–9 yrs), and temperature (25°C–80°C)) to elucidate the effect of reaction conditions on the fate of Ni in Al-modified montmorillonite suspensions. Applying P-EXAFS to Ni-reacted Al-modified montmorillonite clay films has the advantage over powder EXAFS in that the orientation of the Ni bond pairs with respect to the layering of the clay minerals can be probed (Manceau et al., 1998).
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Materials
Na-Montmorillonite (Mont) SWy-1 (Crook County, Wyoming) was purchased from the Source Clay Minerals Repository of the Clay Mineral Society. X-ray diffraction of the “as-received” montmorillonite indicated the presence of minor quantities of quartz. The stoichiometry of the SWy-1 clay (determined with XRF) is (Si8.0Al0)IV·(Al3.06Fe0.4Mg0.51)VIO20(OH)4(Ca0.15Na0.06K0.01) and its total iron content is ∼4.5%. The montmorillonite was thoroughly washed with 1 M NaClO4 to remove all soluble salts and
Powder EXAFS of Ni-Reacted Al-Modified Montmorillonite
Figure 1 shows in bold the k3-weighted χ(k) EXAFS spectrum of the Al-modified montmorillonite suspension that has been allowed to react with a Ni solution at room temperature for 9 yrs (Al-mont–pH6–9yr). This spectrum displays a multifrequency wave shape, indicating the presence of more than one ordered neighboring shell around Ni. Furthermore the spectrum is characterized by a distinct splitting of the first oscillation at 3–4 Å and a small distinct peak at 7 Å.
Insight into the
Proposed Sorption Mechanism
Our investigation of the molecular scale uptake mechanism of Ni by Al-modified montmorillonite was initiated by a macroscopic metal-uptake study of Lothenbach et al. (1997), in which a much larger Ni uptake was observed in the Al-modified montmorillonite compared to unmodified montmorillonite.
Using powder EXAFS, we further investigated a sample prepared by Lothenbach et al. (1997) that reacted with a Ni solution for 9 yrs (see section 3.1). The EXAFS investigations showed that Ni “sorbed” onto
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