Experimental study of neptunyl adsorption onto Bacillus subtilis
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Abstract
The subsurface mobility of Np is difficult to predict in part due to uncertainties associated with its sorption behavior in geologic systems. In this study, we measured Np adsorption onto a common gram-positive soil bacterium, Bacillus subtilis. We performed batch adsorption experiments with Np(V) solutions as a function of pH, from 2.5 to 8, as a function of total Np concentration from 1.29 × 10−5 M to 2.57 × 10−4 M, and as a function of ionic strength from 0.001 to 0.5 M NaClO4. Under most pH conditions, Np adsorption is reversible and exhibits an inverse relationship with ionic strength, with adsorption increasing with increasing pH. At low pH in the 0.1 M ionic strength systems, we observed irreversible adsorption, which is consistent with reduction of Np(V) to Np(IV). We model the adsorption reaction using a nonelectrostatic surface complexation approach to yield ionic strength dependent NpO2+-bacterial surface stability constants. The data require two bacterial surface complexation reactions to account for the observed adsorption behavior: R-L1− + NpO2+ ↔ R-L1-NpO2° and R-L2− + NpO2+ ↔ R-L2-NpO2°, where R represents the bacterium to which each functional group is attached, and L1 and L2 represent the first and second of four discrete site types on the bacterial surface. Stability constants (log K values) for the L1 and L2 reactions in the 0.001 M system are 2.3 ± 0.3 and 2.3 ± 0.2, and in the 0.1 M system the values are 1.7 ± 0.2 and 1.6 ± 0.2, respectively. The calculated neptunyl-bacterial surface stability constants are not consistent with values predicted using the linear free energy correlation approach from Fein et al. (2001), suggesting that possible unfavorable steric interactions and the low charge of NpO2+ affects Np-bacterial adsorption.
Introduction
Neptunium (Np, atomic number 93) is a 5f, manmade element that is produced as a byproduct of nuclear fission in nuclear fuel. Like the other light actinides, it has complex solution chemistry and can be found as dissolved Np3+, Np4+, NpO2+, or NpO22+ ions under aqueous conditions relevant to natural systems (Fahey, 1986). The neptunyl(V) ion (NpO2+) is expected to be the most common species in natural environments. Np(V) is readily soluble and therefore mobile, which together with the long lifetime of 237Np, makes it one of the most problematic elements for long term nuclear waste storage. The long-term performance of geologic nuclear repositories is dependent on the environmental mobility of Np, but the fate and transport of Np in the subsurface is difficult to predict because of its complex redox chemistry and because its tendency to adsorb onto common mineral and organic surfaces has not been well characterized. Bacteria, which can adsorb a wide range of aqueous cations, are ubiquitous in near-surface environments and, therefore, bacterial cell wall adsorption may affect the mobility of Np.
The redox potential (Eh) of a system controls whether Np is present as the soluble neptunyl(V) cation (NpO2+), or as relatively insoluble Np4+ species. Np(V), the dominant solution species, tends to form less stable complexes (Keller, 1971) and therefore is less likely to adsorb to surfaces than is Np(IV). Np(IV) also is generally less soluble than Np(V), (Lemire et al., 2001) and both of these properties suggest that the mobility of Np(IV) is considerably lower than that of Np(V) in the subsurface. To date, most Np-related geomicrobiological research has focused on the microbial reduction of Np(V) to Np(IV) (Banaszak et al 1998, Banaszak et al 1999, Lloyd et al 2000, Soderholm et al 2000, Rittmann et al 2003). Np(V) adsorption onto bacterial cell walls has received relatively little attention. Songkasiri et al. (2002) measured Np(V) adsorption onto the gram-negative species Pseudomonas fluorescens at pH 6, 7, and 8 at a fixed ionic strength of ∼0.1 M, using both batch adsorption and X-ray absorption spectroscopy experiments (XAS). Adsorption results showed rapid uptake of Np (i.e., 15 min for equilibrium to be attained) and increasing adsorption with increasing pH and biomass concentration. Sasaki et al. (2001) measured Np(V) adsorption onto mixed anaerobic bacteria at 35°C and 5°C. The pH of their systems varied in the pH ranges: 1–2, 5–6, and 9–11. Np adsorption increased with time in all systems except for the pH 5–6 system at 5°C which steadily decreased after the first day and continued to decrease for at least 10 d. Songkasiri et al. (2002) used a Freundlich isotherm approach to model the experimental data and Sasaki et al. (2001) used a distribution coefficient approach to model their data. While these approaches enable accurate modeling of the observed adsorption behavior, they cannot be used to estimate the extent of adsorption that occurs in systems that differ significantly from those investigated in the laboratory. Conversely, surface complexation modeling, through the determination of thermodynamic stability constants of metal-bacterial surface species, has the potential to be a more flexible approach allowing the extrapolation of experimental results to more complex systems.
The objective of this research is to measure the pH, concentration, and ionic strength dependence of Np adsorption onto a common bacterial cell wall. We use the experimental measurements to constrain the important adsorption reaction stoichiometries and we solve for the values of the thermodynamic stability constants for the Np-bacterial surface complexes.
Section snippets
Cell Preparation
B. subtilis cells (supplied originally by T. J. Beveridge, University of Guelph) were cultured and prepared following the procedures outlined previously (Fein et al 1997, Fowle et al 2000), except the acid wash step in the cell preparation was not conducted to avoid possible acid damage to the cell walls (Borrok et al., 2004b). Cells were maintained on agar plates consisting of trypticase soy agar with 0.5% yeast extract added. Cells for the adsorption experiments were grown by first
Kinetics Experiments
At pH 6.3 and 0.1 M ionic strength, the amount of Np adsorbed from solution in the kinetics experiments (Fig. 1) reaches a plateau, with no continued adsorption of Np after ∼15 min. In contrast, however, the extent of Np adsorption does not plateau during the course of the pH 2.5 kinetics experiments (also shown in Fig. 1), continually increasing for at least 24 h. The kinetics of Np removal from solution under low pH and 0.1 M ionic strength conditions are markedly different from that observed 
Thermodynamic Modeling
We apply a surface complexation approach to model the adsorption of Np to the B. subtilis cell wall. Using the model of Fein et al. (2005) to describe the proton-active sites on the bacterial surface, proton binding is ascribed to four distinct reactions of the following stoichiometry (1): 
where R is a bacterium to which a proton-active functional group type, Li, is attached. Fein et al. (2005) use potentiometric titration data to constrain the site concentrations and acidity
Conclusions
Our experimental results indicate that the neptunyl ion adsorbs onto B. subtilis cell walls more weakly than do divalent and trivalent cations such as Cd+2, UO2+2, Al+3, etc. Np adsorption is highly ionic strength dependent, and ionic strength appears to control the extent of possible Np(V) reduction that we observed under low pH conditions. Our modeling results for both the 0.1 and 0.001 M systems suggest that binding is due primarily to attachment of the neptunyl cation onto phosphoryl and
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