Redox potential measurements and Mössbauer spectrometry of FeII adsorbed onto FeIII (oxyhydr)oxides
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Abstract
The redox properties of FeII adsorbed onto a series of FeIII (oxyhydr)oxides (goethite, lepidocrocite, nano-sized ferric oxide hydrate (nano-FOH), and hydrous ferric oxide (HFO)) have been investigated by rest potential measurements at a platinum electrode, as a function of pH (−log10[H+]) and surface coverage. Using the constant capacitance surface complexation model to describe FeII adsorption onto these substrates, theoretical values of the suspension redox potential (EH) have been computed, under the assumption that FeII adsorption occurs at crystal growth sites of the substrate surface. Good agreement between calculated and experimental EH values is observed for nano-FOH and HFO, however the redox potentials measured for lepidocrocite and goethite are significantly more oxidizing than predicted. Mössbauer spectroscopic analysis of 57FeII adsorbed onto HFO and goethite shows that in both cases the adsorbed 57FeII is incorporated into the crystal structure of the substrate, in broad agreement with the thermodynamic model, but is almost completely oxidized to 57FeIII. The mechanism by which the adsorbed 57FeII is oxidized is not resolved in this work, but is thought to be due to electron transfer to the substrate, rather than a net oxidation of the suspension. The disagreement between experimental and calculated rest potential measurements in the goethite and lepidocrocite systems is thought to be due to the poor electrochemical equilibration of these suspensions with the platinum electrode, rather than a failure of the thermodynamic model. The model developed for the redox potential of adsorbed FeII allows direct assessment of the reactivity of this species towards oxidized pollutants.
Introduction
Over the past decade a number of studies have reported on the enhanced rate of electron transfer from FeII adsorbed on mineral surfaces, compared to that which occurs in bulk solution (e.g., Stumm and Sulzberger 1992, Haderlein and Pecher 1999). This enhancement in reactivity has been attributed to the effect of oxygen coordination of the adsorbed FeII at surface sites (Werhli et al., 1989), similar to that which occurs upon hydrolysis of FeII in solution. Surface enhancement of electron transfer from FeII occurs in a number of systems including; the reduction of nitrite by FeII adsorbed on goethite (α-FeOOH) (Sørensen and Thorling, 1991), reduction of substituted nitroaromatics by FeII adsorbed on magnetite (Fe3O4), goethite and lepidocrocite (γ-FeOOH) (Klausen et al 1995, Hofstetter et al 1999, Elsner et al 2004, Gregory et al 2004), the reduction of the uranyl ion (UO22+) by FeII adsorbed on ferric oxide nanoparticles (Liger et al., 1999), the reduction of chromate (CrO42−) by FeII adsorbed on goethite and lepidocrocite (Buerge and Hug, 1999), and the reduction of chlorinated alkanes by FeII adsorbed onto a range of FeIII (oxyhydr)oxides (Amonette et al 2000, Pecher et al 2002, Elsner et al 2004, Maithreepala and Doong 2004). The effect is not limited to FeIII (oxyhydr)oxides, with similar rate enhancement observed for the reduction of substituted nitrobenzene compounds by FeII adsorbed onto kaolinite (Klausen et al., 1995) and nontronites (Hofstetter et al., 2003).
The influence of the mineral substrate and local crystallographic environment on the redox level of adsorbed FeII remains largely unresolved. Hofstetter et al. (2003) found that for nontronite clays, structural FeII, and edge-surface complexed FeII were considerably more reactive towards substituted nitrobenzenes than FeII exchanged onto the basal siloxane surfaces. The reactivity of surface complexed FeII also appears to be affected by the degree of hydrolysis of the adsorbed species. A strong correlation has been observed between the proportion of adsorbed FeII present as the hydrolyzed ≡FeIIIOFeIIOH species, and the rates of reduction of 4-chloronitrobenzene (Charlet et al., 1998) and UO22+ (Liger et al., 1999). This interpretation has been challenged more recently by Elsner et al. (2004) as it does not explicitly take into account the role of the mineral substrate on the reactivity of the adsorbed species. The counter argument is that the hydrolysis of adsorbed FeII will depend upon the nature of the substrate, and as there are very few systems in which the surface speciation of adsorbed FeII has been determined, it is rather difficult to state conclusively whether hydrolysis of adsorbed FeII generally leads to rate enhancement. What does seem likely is that the reactivity of adsorbed FeII will depend strongly on the speciation of the adsorbed FeII cation, the local crystal chemical environment of the adsorption site, and on the energy of the FeIII species produced from the electron transfer process.
The work presented here further explores the role of the mineral substrate in controlling the reactivity of adsorbed FeII. The three component chemical system that has been studied is H+-≡FeIIIOH-FeII, for the FeIII (oxyhydr)oxides; goethite (α-FeOOH), lepidocrocite (γ-FeOOH), nano-sized ferric oxide hydrate (nano-FOH; Fe2O3 · xH2O), and hydrous ferric oxide (HFO; Fe5HO8 · 4H2O), where ≡FeIIIOH refers to a surface adsorption site. This range of substrates has allowed the influence of the surface adsorption site on FeII reactivity to be explored in more detail, and has led to the development of a conceptual and thermodynamic model for FeII reactivity in these systems. This model takes into account the influence of the electrical double layer on the reactivity of adsorbed FeII, and allows the simulation of the suspension EH as a function of both the solution pH and surface loading of FeII.
The adsorption of FeII on the FeIII (oxyhydr)oxides of interest in this work has been reported previously (Zhang et al 1992, Liger et al 1999, Appelo et al 2002). The present article can be considered as a companion to that by Liger et al. (1999) and deals with measured redox potentials and Mössbauer spectroscopic studies of adsorbed 57FeII in the FeII-FeIII (oxyhydr)oxide system.
Section snippets
Chemicals
All chemicals were analytical grade and were used without further purification. Boiled and argon degassed 18 MΩ.cm Milli-Q water was used in the preparation of all solutions. The stock aqueous solutions of FeII were obtained by dissolving appropriate amounts of FeSO4 · 7H2O in water. The acid and base solutions were prepared from HNO3 and NaOH Titrisol (Merck) ampoules.
Goethite (α-FeOOH)
Goethite used in this work was a commercially available dry powder (Bayferrox pigment PK5104; Bayer, Uerdingen). The physical
Surface Sites and Surface Charging of FeIII (Oxyhydr)oxides
As discussed in the Experimental Section, we have endeavored to use the same surface-site concentration in all of the FeIII (oxyhydr)oxide systems studied. For the calculation of site concentrations we have used previously established relationships between the surface-site concentration and the solids concentration for these FeIII (oxyhydr)oxides (reported as specific surface and site density parameters), extracted from potentiometric acid-base titration data. By way of justification of this
Thermodynamic model
The calculation for the suspension EH in the FeII-FeIII (oxyhydr)oxide systems assumes that adsorbed FeII is in electrochemical equilibrium with the host FeIII (oxyhydr)oxide. Implicit in this assumption is that FeII adsorption occurs on crystal growth sites of the FeIII (oxyhydr)oxide, and that oxidation of adsorbed FeII to FeIII results in the incorporation of the newly formed FeIII cation into the structure of the substrate. The thermodynamic model also assumes that the incorporated FeIII
Conclusions
The surface complexation approach for modelling adsorption onto mineral surfaces has been used to calculate the redox potential of FeII adsorbed onto a range of FeIII (oxyhydr)oxides. In this model it is assumed that adsorbed FeII is incorporated into the bulk structure of the substrate upon oxidation to FeIII, with the formation of a new surface site. Rest potential measurements at a platinum electrode show that this approach provides a good description of the suspension EH for nano-FOH and
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