
Introduction
Bacteria are ubiquitous in near-surface geologic systems, and

they can affect the distribution and fate of metals in these systems
through adsorption reactions between metals and bacterial cell
walls. Many studies have addressed relative binding capacities of
metals to cell walls. Recently, Fein et al.1 developed a chemical
equilibrium approach to quantifing metal adsorption onto cell
walls, treating the sorption as a surface complexation phenome-
non. The authors used acid-base titrations to determine site-spe-
cific stability constants. This approach implies that different func-
tional groups are deprotonated in different pH ranges and absorb
metals from solution in those ranges. Fowle et al.2 observed a sim-
ilar pH dependence for UO2

+2 adsorption, but they also observed
significant uranyl adsorption at low pH, which they ascribed to
interaction between the uranyl cation and a neutrally charged
phosphoryl group on the cell wall. However, all of these models
are based on macroscopic adsorption data, and the nature and
mechanism of metal binding to the cell walls have not been
determined. X-ray absorption fine structure (XAFS) measure-
ments at the complex metal absorption edge can distinguish
between the different functional groups thought to be important in
metal uptake, thereby proving or disproving proposed surface
complexation models. 

Methods
Samples of U sorbed to cultures of Bacillus subtilis were pre-

pared by exposing aqueous U(VI) solutions to a known concen-
tration of biomass, so that the ratio of metal to cell surface area
remained constant. To probe pH-dependent changes in the sorp-
tion mechanism, samples were prepared as a function of pH, from
pH 1 to 5. The biomass solution was centrifuged, rinsed, and
recentrifuged, and fluorescence XAFS measurements were made
on the resulting wet, homogeneous pastes. All XAFS measure-
ments were made at the MRCAT sector 10-ID beamline at the
Advanced Photon Source.3

The energy of the incident x-rays was selected by using a
double-crystal monochromator, and higher harmonics were
rejected by using an Rh mirror. The incident x-ray intensity was
sampled by using a Stern-Heald detector4 filled with Ar gas. Lin-
earity tests5 indicated less than 0.3% nonlinearity for a 50%
decrease in incident x-ray intensity. The incident x-ray intensity
varied by less than 15% throughout the energy range of the XAFS
measurements. Multiple scans were collected at six different loca-
tions on the sample to reduce radiation exposure.  The sample was
exposed for approximately one minute for each of the two to five
measurements at each location. No time-dependent change in the
XAFS data was observed for any of the samples. An example of
the measured x-ray absorption coefficient for the U L3-edge is
shown in Fig. 1a.

The codes contained in the UWXAFS package were used to
analyze the data. The smoothly varying background was subtract-
ed from the XAFS data by using the AUTOBK program6 (see Fig.

1a). The result of averaging six χ(k) data sets is shown in the inset
of Fig. 1a.

Results and Discussion
The theoretical models, generated by FEFF7,7 were based on

the crystal structure of hydrogen uranyl phosphate tetrahydrate8,9

and sodium uranyl(VI) triacetate.10 First models for hydrated
uranyl, uranyl acetate, and uranyl phosphate standards were
developed. These models were then combined and used to gener-
ate a model for the U-B. subtilis data. An example of the data and
results of the fit to the data are shown in Fig 1b. The best-fit val-
ues for the fit to the U-B. subtilis sample and the uranyl standards
are similar, giving confidence in this model for the U-B. subtilis
data. The results for the number of phosphoryl and carboxyl func-
tional groups bound to the urnayl as a function of pH are shown
in Fig. 2. These results indicate that EXAFS can be used to dis-
tinguish hydroxyl, carboxyl, and phosphoryl bonding of U to the
B. subtilis biomass and are consistent with the surface complexa-
tion model proposed by Fein et al.1 and Fowle et al.,2 in which
protonated phosphoryl groups complex U at pH 1.67.
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FIG. 2. Numbers of phosphoryl (P; solid cilcles) and carboxyl (C; open
circles) functional groups bound to uranyl as a function of pH.

FIG. 1. (a) Normalized absorption coefficient and inset χ(k) * k data. (b)
The magnitude, Mag[FT(χ)], and real part, Re[FT(χ)], of the Fourier
transform of the χ(k) * k best-fit model, with data from a U-biomass sam-
ple at pH 1.67. The data range ∆k = [2.5 : 13.5] Å-1 was used in the
Fourier transform. The fit range is indicated by the vertical lines.
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