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Abstract

Bulk Cd adsorption isotherm experiments, thermodynamic equilibrium modeling, and Cd K edge EXAFS were used to
constrain the mechanisms of proton and Cd adsorption to bacterial cells of the commonly occurring Gram-positive and
Gram-negative bacteria, Bacillus subtilis and Shewanella oneidensis, respectively. Potentiometric titrations were used to char-
acterize the functional group reactivity of the S. oneidensis cells, and we model the titration data using the same type of non-
electrostatic surface complexation approach as was applied to titrations of B. subtilis suspensions by Fein et al. (2005). Similar
to the results for B. subtilis, the S. oneidensis cells exhibit buffering behavior from approximately pH 3–9 that requires the
presence of four distinct sites, with pKa values of 3.3 ± 0.2, 4.8 ± 0.2, 6.7 ± 0.4, and 9.4 ± 0.5, and site concentrations of
8.9(±2.6) � 10�5, 1.3(±0.2) � 10�4, 5.9(±3.3) � 10�5, and 1.1(±0.6) � 10�4 moles/g bacteria (wet mass), respectively. The
bulk Cd isotherm adsorption data for both species, conducted at pH 5.9 as a function of Cd concentration at a fixed biomass
concentration, were best modeled by reactions with a Cd:site stoichiometry of 1:1. EXAFS data were collected for both bac-
terial species as a function of Cd concentration at pH 5.9 and 10 g/L bacteria. The EXAFS results show that the same types of
binding sites are responsible for Cd sorption to both bacterial species at all Cd loadings tested (1–200 ppm). Carboxyl sites are
responsible for the binding at intermediate Cd loadings. Phosphoryl ligands are more important than carboxyl ligands for Cd
binding at high Cd loadings. For the lowest Cd loadings studied here, a sulfhydryl site was found to dominate the bound Cd
budgets for both species, in addition to the carboxyl and phosphoryl sites that dominate the higher loadings. The EXAFS
results suggest that both Gram-positive and Gram-negative bacterial cell walls have a low concentration of very high-affinity
sulfhydryl sites which become masked by the more abundant carboxyl and phosphoryl sites at higher metal:bacteria ratios.
This study demonstrates that metal loading plays a vital role in determining the important metal-binding reactions that occur
on bacterial cell walls, and that high affinity, low-density sites can be revealed by spectroscopy of biomass samples. Such sites
may control the fate and transport of metals in realistic geologic settings, where metal concentrations are low.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Bacteria are ubiquitous in a wide range of low tempera-
ture aqueous systems, and aqueous metal adsorption onto
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bacterial cell wall functional groups can influence metal
speciation, bioavailability, and transport (Ledin et al.,
1996, 1999; Ledin, 2000; Ohnuki et al., 2007). Metal
adsorption onto bacterial cell walls can be viewed as a sur-
face complexation reaction, and the thermodynamic stabil-
ities of a wide range of metal-bacterial surface complexes
have been determined using bulk adsorption measurements
(e.g., Fein et al., 1997; Small et al., 1999; Yee and Fein,
2001; Daughney et al., 2002; Yee and Fein, 2003; Borrok
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et al., 2004b; Wightman and Fein, 2005; Kulczycki et al.,
2005; Burnett et al., 2006; Leone et al., 2007; Ngwenya,
2007; Pokrovsky et al., 2008a). In addition, X-ray absorp-
tion spectroscopy studies have identified cell wall carboxyl,
phosphoryl, and sulfhydryl groups as important sites of me-
tal binding (Hennig et al., 2001; Kelly et al., 2002; Panak
et al., 2002; Boyanov et al., 2003; Toner et al., 2005; Guiné
et al., 2006; Mishra et al., 2007; Pokrovsky et al., 2008b;
Mishra et al., 2009). Most of these previous studies exam-
ined metal–bacterial adsorption under conditions with rela-
tively high metal:bacterial site concentration ratios, and
many of these studies focused on the pH dependence of
adsorption rather than on the concentration dependence.
While measurements of the pH dependence of metal
adsorption onto bacteria place constraints on the cell wall
sites responsible for the binding, measurements conducted
as a function of metal:ligand ratio better constrain the me-
tal:site stoichiometry of the adsorption reactions than do
standard pH edge adsorption experiments. Furthermore,
the important binding mechanisms can change as a func-
tion of metal:ligand concentration ratio, and studies at rel-
atively high and fixed metal concentrations may mask the
presence and importance of low concentration, high affinity
metal binding sites on surfaces (Sarret et al., 1998).

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy has demonstrated that only a limited number of
binding sites are responsible for metal binding onto cell walls
from a range of bacterial species. Phosphoryl and carboxyl
functional groups are responsible for metal complexation
by both Gram-positive bacteria (Kelly et al., 2002; Boyanov
et al., 2003) and Gram-negative bacteria (Toner et al., 2005;
Hennig et al., 2001; Panak et al., 2002) despite fundamental
differences in molecular structure of their exterior surfaces.
These two functional groups have also been found responsi-
ble for metal binding in both natural and contaminated con-
sortia of bacteria obtained from river water and a
manufactured gas plant site, respectively (Mishra et al.,
2009). However a Cd-sulfhydryl binding site was also identi-
fied in the river water consortium (Mishra et al., 2009). Using
infrared spectroscopy, Wei et al. (2004) studied both Gram-
positive and Gram-negative bacterial surface functional
groups and determined that phosphoryl and carboxyl groups
are the primary contributors to the negative charge, and
hence the reactivity of the bacterial cell wall.

Relatively few studies have investigated the mechanisms
of metal complexation with bacterial cell walls as a function
of metal loading. Sarret et al. (1998) examined Zn and Pb
sorption to fungal cell walls of Penicillium chrysogenum at
pH 6 as a function of Zn and Pb loading, and the phos-
phoryl group was found to be the predominant complexing
ligand. Carboxyl binding was significant only under the
highest Zn loading and the lowest Pb loading conditions.
Burnett et al. (2006) studied Cd adsorption onto the ther-
mophilic species A. flavithermus, and found that at high
bacteria:Cd ratios Cd adsorption occurs by formation of
a 1:1 complex with deprotonated cell wall carboxyl func-
tional groups. At lower bacteria:Cd ratios, a second
adsorption mechanism occurs at pH > 7, which may corre-
spond to the formation of a Cd-phosphoryl, CdOH-car-
boxyl, or CdOH-phosphoryl surface complex. Guiné et al.
(2006) reported the importance of sulfhydryl ligands in
addition to phosphoryl and carboxyl ligands in the adsorp-
tion of Zn onto three Gram-negative bacterial strains
(Cupriavidus metallidurans CH34, Pseudomonas putida

ATCC12633, and Escherichia coli K12DH5a) at low load-
ings of Zn. Mishra et al. (2007) reported that sulfhydryl li-
gands, in addition to carboxyl and phosphoryl sites, were
required for EXAFS modeling of Cd binding with the
Gram-negative bacteria Shewanella oneidensis and an aqua-
tic consortium of bacteria at 30 ppm Cd loading and 10 g/L
(wet mass) biomass. However, sulfhydryl ligands were not
required for EXAFS modeling of the Gram-positive bacte-
ria Bacillus subtilis under the same conditions, consistent
with previous finding by Boyanov et al. (2003). Similarly,
Pokrovsky et al. (2008b) observed Cd complexation with
sulfhydryl functional groups on the marine anoxygenic bac-
teria R. palustris in systems with 3 ppm Cd and 4 g/L bio-
mass. While the Cd-sulfhydryl binding by Mishra et al.
(2007) and Pokrovsky et al. (2008b) was observed in sys-
tems near pH 6, Mishra et al. (2009) demonstrated that
aquatic consortia of bacteria exhibit sulfhydryl binding of
Cd across a wide pH range and even at relatively elevated
Cd concentrations.

The objective of this study is to explore metal–bacterial
adsorption reactions using both bulk adsorption measure-
ments and X-ray absorption spectroscopy over a wide
range of metal:ligand ratios, and to compare these results
for the Gram-positive bacterial species B. subtilis and the
Gram-negative bacterial species S. oneidensis. Cell wall
functional group reactivity for B. subtilis has been charac-
terized by Fein et al. (2005), and we collect new potentio-
metric titration data in this study using S. oneidensis in
order to determine the site concentrations and acidity con-
stants for the important binding sites on the S. oneidensis

cell wall. Thermodynamic equilibrium modeling of the bulk
adsorption data was used to constrain the stoichiometries
of the important proton and Cd adsorption reactions. EX-
AFS measurements were conducted at pH 5.9, over a wide
range of Cd concentrations (1–200 ppm for B. subtilis and
3–200 ppm for S. oneidensis) at a fixed bacterial concentra-
tion of 10 g/L (wet mass), and we use these data to con-
strain the molecular-scale Cd adsorption mechanisms and
to determine whether the adsorption mechanisms change
as a function of Cd loading onto the bacterial cell walls.

Although Cd binding onto B. subtilis cells has already
been studied using EXAFS by members of our group pre-
viously (Boyanov et al., 2003), the goals of this study are
fundamentally different. While Boyanov et al. (2003) stud-
ied the adsorption behavior of B. subtilis over a pH range
of 3.4–7.8 at a fixed Cd:biomass ratio, this study attempts
to determine the site stoichiometry, and the sequence of
reactions occurring on bacterial cell walls as a function of
Cd loading at a fixed pH.

2. METHODS AND MATERIALS

2.1. Bacterial growth and harvest

S. oneidensis str., formerly classified as S. putrefaciens

MR-1 (Venkateswaren et al., 1999), is a Gram-negative
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dissimilatory metal-reducing bacterium found in soils, sed-
iments, surface waters, and ground waters (e.g., Sorenson,
1982; Nealson and Myers, 1992). B. subtilis is an aerobic
Gram-positive soil microorganism with well-characterized
surface charge and reactivity (Harden and Harris, 1952;
Beveridge and Murray, 1980; Fein et al., 1997,2005). The
bacterial growth and wash procedures used in this study
were identical for both bacterial species and similar to those
described in Fein et al. (2005). A plated colony was trans-
ferred from an agar plate to a test tube containing 7 mL
of sterilized trypticase soy broth (TSB) + 0.5% yeast ex-
tract. Each broth tube was then incubated for 24 h at
32 �C in an incubator/shaker. The subsequent bacterial sus-
pension was then transferred to 1 L of TSB + 0.5% yeast
extract and incubated for another 24 h at 32 �C in the incu-
bator/shaker. The cells were removed from the nutrient
medium by centrifugation and rinsed five times with
0.1 M NaClO4 (the electrolyte used in the experiments).
The cells were not acid washed in order to avoid disruption
of the cell wall structure (Borrok et al., 2004a). Biomass is
cited in terms of wet mass, determined by centrifugation at
5800g for 60 min, and corresponds to approximately eight
times the dry mass of the cells (Borrok et al., 2005).

2.2. Potentiometric titrations

Three replicate potentiometric titrations were per-
formed, each using 100 g/L (wet mass) suspensions of
S. oneidensis in 0.1 M NaClO4. The electrolyte solution
was bubbled with N2 gas for 1 h prior to use, and the titra-
tion cell containing the bacterial suspension was kept under
a N2 atmosphere during the experiment. The sample was
continuously stirred with a small magnetic stir bar during
the titration. The titrations were first run down-pH from
an initial pH of approximately 4 with aliquots of 1.0005
N HCl to approximately pH 2.7, then up-pH with aliquots
of 1.005 N NaOH to approximately pH 9.5. Each addition
of acid or base occurred only after a stability of 0.01 �mV/s
was attained. Although it is likely that the buffering capac-
ity of the bacterial cell wall extended to extremely low pH
conditions (e.g., Fein et al., 2005), we limited the potentio-
metric titrations to a low pH value of 2.7 in order to avoid
excessive disruption of the Gram-negative cell wall struc-
ture (Borrok et al., 2004a).

2.3. Cd adsorption experiments

Washed bacteria were suspended in high density poly-
ethylene test tubes containing 0.1 M NaClO4 electrolyte
to form a suspension of 10 g/L of bacteria (wet mass). A
500 ppm parent solution of Cd in 0.1 M NaClO4 was pre-
pared from a commercially-supplied 1000 ppm Cd reference
solution. The pH of this parent solution was adjusted to 5.9
by adding small aliquots of 1 M NaOH. Appropriate
amounts of the parent solution were added to the bacterial
suspensions, and these suspensions were topped off with
additional 0.1 M NaClO4 to achieve the desired Cd and
bacterial concentrations. The pH of each system was ad-
justed using small aliquots of 1 M HNO3 or NaOH, and
the systems were allowed to react for 2 h on a shaker.
The concentrations of total Cd in the experimental systems
ranged from 0.25 to 200 ppm. Previous studies involving
B. subtilis have demonstrated that equilibrium of Cd
adsorption reactions occurs in less than 1 h, and that the
adsorption reactions are fully reversible (e.g., Fowle and
Fein, 2000). pH was monitored every 30 min, and adjusted
as required using minute aliquots of 1 M HNO3 or NaOH.
The final pH was measured after two hours, and the solu-
tion was then centrifuged. The final pH of each experimen-
tal system was 5.9 ± 0.1, and the pH of the solutions never
varied by more than 0.3 during the course of the experi-
ments. The bacterial pellet was retained for X-ray absorp-
tion spectroscopy analysis, and the resultant supernatant
was filtered (0.45 lm) and analyzed for dissolved Cd using
an inductively coupled plasma-optical emission spectros-
copy technique with matrix-matched standards. The con-
centration of metal adsorbed to bacteria in each vessel
was calculated by subtracting the concentration of metal
that remained in solution from the original Cd concentra-
tion in the experiment.

2.4. EXAFS measurements and data reduction

EXAFS is a powerful structural probe that provides
information on the short-range coordination environment
of the atom under study (Stern, 1974). Fluorescence mode
Cd K edge (26,711 eV) EXAFS measurements were per-
formed at MRCAT, sector 10-ID beamline of the Ad-
vanced Photon Source at Argonne National Laboratory
(Segre et al., 2000). The energy of the incident X-rays was
scanned by using a Si(1 1 1) reflection plane of a cryogeni-
cally-cooled double-crystal monochromator. The third har-
monic of the undulator was utilized, with an undulator
tapering of about 3.5 keV to reduce the variation in the
incident intensity to less than 15% over the scanned energy
range. X-rays of higher harmonic energies were removed
using grazing incidence reflection from a Pt-coated mirror.
The incident ionization chamber was filled with 100% N2

gas. The transmitted and reference ion chambers were filled
with 100% Ar gas. The fluorescence detector in the Stern–
Heald geometry (Stern and Heald, 1983) was filled with
Kr gas, and a Pd filter of six absorption lengths was used
to reduce the background signal. The incident X-ray beam
profile was 1 mm square. Linearity tests (Kemner et al.,
1994) indicated less than 0.1% nonlinearity for a 50% de-
crease in incident X-ray intensity. Several energy scans were
collected from each sample. All scans were aligned by using
the simultaneously collected absorption spectrum of a Cd
foil, by setting the first inflection point of the spectrum at
26,711 eV.

The homogeneous bacterial pellet that formed at the
base of each experimental test tube was loaded into a slot-
ted Plexiglas holder, covered with Kapton film, and
transported immediately to the beamline for EXAFS mea-
surements. All the EXAFS measurements were performed
within 30 h of the adsorption experiment, and the samples
were refrigerated during the entire time between adsorption
experiment and EXAFS measurements. Quick scans (con-
tinuous-scanning mode of the monochromator), with signal
sampling every 0.5 eV and an integration time of 0.1 s per
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point were used. The advantage of using quick-scans is that
it reduces the radiation exposure during a single scan. Con-
secutive spectra were monitored for possible radiation-in-
duced changes; no changes were observed. To further
reduce the possibility of radiation-induced changes or of
sample inhomogeneity, the X-ray beam was moved to a
fresh spot every 5 scans. A total of 30–150 consecutive
scans from each sample were collected and averaged,
depending on the Cd concentration in the sample.

Data were analyzed using the UWXAFS package (Stern
et al., 1995). Processing of the raw data, including align-
ment of datasets and background removal, were imple-
mented by using ATHENA (Ravel and Newville, 2005),
IFEFFIT (Newville, 2001) and AUTOBK (Newville
et al., 1993). The input parameter to ATHENA that deter-
mines the maximum frequency of the background, Rbkg,
was set to 1.1 Å (Newville et al., 1993). The data range used
for Fourier transforming the EXAFS v(k) data was 2.3–
9.8 Å�1 with a Hanning window function and a dk value
of 1.0 Å�1 (Newville et al., 1993). Simultaneous fitting of
each dataset with multiple k-weighting (k1, k2, k3) of each
spectrum was performed using the Fourier transformed
v(R) spectra. The fitting range for all of the datasets was
1.2–3.4 Å. The simultaneous fitting approach reduces the
possibility of obtaining erroneous parameters due to corre-
lations at any single k-weighting (Kelly et al., 2002; Mishra
et al., 2009).

2.5. EXAFS standards

Powder and aqueous Cd standards were used to deter-
mine the spectral features of Cd in carboxyl, phosphoryl
and sulfhydryl binding environments. A CdS powder stan-
dard was prepared from commercially available chemicals
(Sigma–Aldrich), after grinding and sieving (�400 mesh).
The aqueous Cd standards included Cd-acetate, and Cd-
phosphate solutions. All aqueous Cd standards were pre-
pared by dissolving Cd(NO3)2.4H2O in the appropriate
acid/electrolyte. The Cd-acetate and Cd-phosphate stan-
dards were prepared with a Cd:ligand ratio of 1:100 (acetate
or phosphate), by adding appropriate amounts of acetic
and phosphoric acids. The pH of the Cd-acetate solution
was adjusted using NaOH to 4.5, where the aqueous Cd-
acetate aqueous complexes dominate the Cd speciation in
solution. The pH of the Cd-phosphate solution was kept
at 3.0 to avoid precipitation of a cadmium phosphate solid
phase. Although the choice of standards is of paramount
importance when applying a linear combination fitting ap-
proach to X-ray absorption near edge structure (XANES)
data, EXAFS analysis is model independent. The main
use of experimental standards is to fine-tune the fitting
parameters for a given signal against a theoretical EXAFS
signal generated by simulating a known crystal structure (as
explained below). Therefore, the choice of aqueous versus
crystalline standards for EXAFS analyses is not critical,
and the use of a crystalline CdS powder as a standard for
the biomass Cd–S EXAFS signal, when all other standards
are aqueous, is acceptable.

EXAFS data analysis is based on refining theoretical
EXAFS spectra against the experimental data. Models are
constrained by use of crystalline model compounds with
well-characterized local structures. The crystallographic
information of the standard compounds were first trans-
formed into a cluster of atoms by using the program
ATOMS (Ravel, 2001). Then FEFF8 (Ankudinov et al.,
1998) was used to carry out self-consistent quantum
mechanical calculations to simulate theoretical EXAFS
spectra based on the cluster of atoms thus obtained. Exper-
imentally obtained EXAFS data on the standard com-
pounds were fit to these theoretically generated EXAFS
spectra using the program FEFFIT (Newville et al.,
1995). We refined ab initio calculations on clusters of atoms
derived from known crystal structures (Caminiti, 1982;
Caminiti et al., 1984) against the EXAFS data from pow-
dered CdS and aqueous Cd-acetate and Cd-phosphate
standards.

The value obtained for the EXAFS amplitude reduction
factor for all standards was S2

0 = 1.00 ± 0.03, and this value
was used in modeling the spectra from the bacterial sam-
ples. Statistically significantly lower R factor and v2

m values
were used as criteria for improvement in the fit to justify the
addition of an atomic shell to the model (Kelly et al., 2002).

3. RESULTS AND DISCUSSION

3.1. Potentiometric titrations

The three replicate titration curves are similar and are
depicted in Fig. 1 as the mass normalized net molality of
H+ added versus pH. The mass normalized net molality
of H+ added is equal to the concentration of acid added
to the system minus the concentration of base added, di-
vided by the mass of the bacteria (in g/L; wet mass) used
in the titration. Similar to other bacterial titrations (e.g.,
Plette et al., 1995; Fein et al., 1997; Daughney et al.,
1998; Cox et al., 1999; Yee and Fein, 2003; Yee et al.,
2004; Haas et al., 2001; Sokolov et al., 2001; Martinez
et al., 2002; Ngwenya et al., 2003; Smith and Ferris, 2003;
Claessens et al., 2004; Fein et al., 2005), our potentiometric
titration data indicate that S. oneidensis exhibits significant
proton buffering over the entire pH range studied. This
finding indicates that the bacterial cell wall was not fully
protonated, even under the lowest pH conditions attained
(�2.7), and it is possible that proton-active functional
groups are important contributors to the buffering at even
lower pH values. The potentiometric titration data ob-
tained by Haas et al. (2001), Sokolov et al. (2001), and
Smith and Ferris (2003) for S. putrefaciens exhibit positive
values for the mass normalized net molality of H+ added to
solution below pH values of approximately 7, with negative
values at higher pH. Similar to those previous studies, the
mass normalized net molality of H+ added in this study is
positive below a pH of approximately 7.5–8.0, and exhibits
negative values at higher pH conditions. Although some
previous studies have done so, the sign of this parameter
should not be interpreted to indicate the sign of the surface
charge of the bacterial surface at a particular pH value.
Rather, the excess or deficit of this parameter relative to
its value for a bacteria-free blank at the same pH indicates
only that protons have been taken up or released by the
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Fig. 1. Three replicate titration curves of S. oneidensis (50 g/L, wet wt.) in 0.1 M NaClO4. Open diamonds, circles, and triangles represent
experimental data points for individual titrations. Solid curve represents the average model fit.

Table 1
Log K and site concentration values of S. oneidensis surface sites.

[Site]a Reaction Log K

8.9 (±2.6) � 10�5 R–A(1)H
0
¡ R–A(1)

� + H+ �3.3 ± 0.2
1.3 (±0.2) � 10�4 R–A(2)H

0
¡ R–A(2)

� + H+ �4.8 ± 0.2
5.9 (±3.3) � 10�5 R–A(3)H

0
¡ R–A(3)

� + H+ �6.7 ± 0.4
1.1 (±0.6) � 10�4 R–A(4)H

0
¡ R–A(4)

� + H+ �9.4 ± 0.5

a Site concentrations in moles/g.
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bacteria. Electrophoretic mobility measurements indicate
an overall negative charge associated with the S. oneidensis

cell wall (Claessens et al., 2004). Therefore, we model the
charging behavior of S. oneidensis with a series of organic
acid functional group sites. We use a surface complexation
approach to model the potentiometric titration and Cd
adsorption data in order to relate pH and sorbent:sorbate
ratio effects on adsorption to the speciation of the bacterial
surface. Our first step is to model the potentiometric titra-
tion data to determine site concentrations and stability con-
stants for the important surface reactive sites. A generalized
deprotonation reaction for bacterial surface sites is repre-
sented as:

R� AiH � ¼ R� A�i þ Hþ ð1Þ

where R–Ai represents a bacterial surface functional group
type and i is an integer P1. A generalized mass action equa-
tion for the above reaction is:

KaðiÞ ¼
½R� A�i �aHþ

½R� AiH 0�
ð2Þ

where Ka and a represent the equilibrium (acidity) constant
and activity of the subscripted reaction or species, respec-
tively, and the brackets represent the concentration of sur-
face sites in moles/L of solution. Each bacterial site R–Ai

represents a discrete site with its own site concentration
and acidity constant. FITEQL (Westall, 1982) was used
as the computational tool to determine the number of dis-
crete sites necessary to account for the observed buffering
behavior and to solve for the site concentrations and acidity
constants for each type of site. We used a non-electrostatic
surface complexation model to describe proton and Cd
adsorption onto the bacterial cell wall functional groups
(e.g., Fein et al., 2005).

For each model tested, FITEQL calculates a variance
function, V(Y), that describes the goodness-of-fit of the
model to the experimental measurements. The best-fitting
model was determined to be the one that yields the lowest
V(Y) value to the experimental data. Each titration was
modeled separately. A 4-site model with four deprotonation
reactions associated with each site provides the best fit to
the experimental data of all three bacterial titrations, with
an average V(Y) = 0.52. Models utilizing less than 4-sites
yield significantly higher V(Y) values and exhibit a worse
visual fit to the experimental data. Models utilizing more
than 4-sites fail to converge, indicating that the experimen-
tal data do not support more than four discrete sites. The
average model fit to all three bacterial titrations is illus-
trated as a solid curve in Fig. 1. The best-fitting reaction
stoichiometries with corresponding averaged deprotonation
constants and averaged site concentrations for the S. oneid-

ensis bacterial surface are given in Table 1.
Borrok et al. (2005) reviewed and compiled the available

potentiometric titration datasets for individual bacterial
species, bacterial consortia, and bacterial cell wall compo-
nents, and derived an internally consistent thermodynamic
model, similar to the model used in this study, for all the
datasets. Borrok et al. (2005) found that, if one assumed
a 4-site model for each titration dataset with pKa values
fixed to 3.1, 4.7, 6.6, and 9.0, the calculated site concentra-
tions for the individual datasets were remarkably similar,
yielding best-fit values of 1.13 � 10�4, 9.08 � 10�5,
5.32 � 10�5, and 6.63 � 10�5 moles/g bacteria (wet mass)
for the site concentrations for the lowest to the highest
pKa sites, respectively. The site concentrations and
deprotonation constants that we determined for S. oneiden-

sis (Table 1) are within uncertainties of the averages ob-
tained by Borrok et al. (2005).

3.2. Cd adsorption

The results of the bulk adsorption measurements for B.

subtilis and S. oneidensis are shown in Fig. 2a and b, respec-
tively. The observed extents of Cd adsorption for the two



Fig. 2. Experimental data and models for different Cd:Site stoichiometries for (a) B. subtilis, and (b) S. oneidensis. These experiments were
conducted at pH 5.9 ± 0.2, and the 10 g/L bacterial solution was prepared in a 0.1 M NaClO4 electrolyte. The low Cd concentration range of
the experimental data has been expanded for clarity and shown as insets in Figs. 2a and b.
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bacterial species are similar. For each species, the concen-
tration of adsorbed Cd increases with increasing total Cd
in the experimental systems, but the slope decreases at high-
er Cd concentrations. Under the lowest Cd concentrations
studied, Cd is predominantly adsorbed to the solid phase,
while at higher total Cd concentrations a higher proportion
remains in solution. Such adsorption behavior is typical for
a system with a limited number of binding sites, in which
sites are undersaturated at low metal concentrations and
become increasingly saturated with increasing metal
loading.

3.3. Thermodynamic modeling of the adsorption isotherms

Adsorption experiments that are conducted as a func-
tion of solute:sorbent concentration ratio at a fixed pH
do not uniquely define which sorbing site or sites of a mul-
ti-site sorbent are responsible for the uptake, but the results
do place rigorous constraints on the average stoichiometry
of the adsorption reactions. A generic Cd adsorption reac-
tion can be represented as an interaction between the aque-
ous Cd cation (Cd+2) and deprotonated surface sites on the
bacterial cell wall to create a bacterial surface complex:

xðCdþ2Þ þ yðR� A�1
i Þ () ðR� AiÞyðCdÞð2x�yÞþ

x ð3Þ

where x and y represent stoichiometric coefficients that
must be determined experimentally. We use the discrete 4-
site non-electrostatic model of Fein et al. (2005) to describe
the protonation state of the cell wall functional groups for
B. subtilis; and we use the similar model for S. oneidensis

from this study. The pKa values for the four sites on B. sub-

tilis are 3.3, 4.8, 6.8, and 9.1, respectively, and the corre-
sponding site concentrations are 8.1 � 10�5, 1.1 � 10�4,
4.4 � 10�5, and 7.4 � 10�5 moles of sites/gm wet mass bac-
teria, respectively (Fein et al., 2005). We refer to these sites
as Sites 1–4, respectively.

Because the adsorption experiments were conducted un-
der fixed pH conditions, the data can be equally well mod-
eled by ascribing Cd adsorption onto any of the four site
types on the bacterial cell wall, and more than one site
may be involved in Cd binding under the experimental con-
ditions. However, because the experiments were conducted
at pH 5.9, we choose to model the Cd adsorption data for
each bacterial species as an interaction between Cd2+ and
the deprotonated form of Site 2 (the site with a pKa value
of 4.8 for both B. subtilis, and S. oneidensis). This exercise
is intended only to constrain the average site stoichiometry
of the important Cd–bacterial complexes at pH 5.9, and
does not provide a molecular-scale understanding of the
Cd binding environment. We attempted to model the Cd
adsorption data using Cd:Site stoichiometries of 1:1, 1:2
and 2:1, using the V(Y) fit parameter from FITEQL to dis-
tinguish the best-fitting stoichiometry. The value of V(Y)
depends on estimates for standard deviation in the experi-
mental data, but in general V(Y) values between 0.1 and
20 represent reasonable fits, and models with lower V(Y)
values represent better fits of the model to the data (Wes-
tall, 1982). Even if the reaction mechanism changes as a
function of Cd loading, that is if different binding sites
are important under different Cd loading conditions, this
approach determines the average reaction stoichiometry
for each binding mechanism.

The best-fitting models for each reaction stoichiometry
are shown in Fig. 2a and b. The low Cd concentration
range of the experimental data has been expanded for clar-
ity and shown as insets in Fig. 2a and b. The V(Y) values
associated with the best-fitting 1:1, 1:2, and 2:1 Cd:Site stoi-
chiometry models for B. subtilis are 10.6, 320.1, and 174.9,
respectively, indicating that the 1:1 model yields the best
overall fit to the experimental data over the entire Cd con-
centration range. Fig. 2a illustrates that the 1:1 model fit to
the data, with a calculated best-fit log K value for reaction
(3) of 3.4 ± 0.2, provides a better fit than do the 1:2 or the
2:1 models when considering the entire Cd concentration
range. The inset figure shows that the data cannot distin-
guish between the 1:1 and the 1:2 models under low Cd con-
centration conditions, so under these conditions, as the Cd
concentration decreases and as the site:Cd molal ratio in-
creases, it is possible that a surface complex with a 1:2
Cd:site stoichiometry becomes important. Similarly for S.

oneidensis, the V(Y) values associated with the best-fitting
1:1, 1:2, and 2:1 Cd:Site stoichiometry models over the en-
tire Cd concentration range studied are 20.9, 238.3, and
351.5, respectively. Fig. 2b demonstrates that the 1:1 model
fit to the S. oneidensis data, also with a calculated best-fit
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log K value for reaction (3) of 3.4 ± 0.3, provides a good fit
to the experimental Cd adsorption data over the entire
range of Cd concentrations. As is the case for the B. subtilis

data in Fig. 2a, the data cannot distinguish between the 1:1
and the 1:2 models under low Cd concentration conditions,
so it is possible that under these conditions a surface com-
plex with a 1:2 Cd:site stoichiometry becomes important. It
should be noted that Cd may be bound to more than one
site under the experimental conditions, so the best-fit log
K values reported here represent averages of the stability
constant values for all of the important Cd–bacterial sur-
face complexes.

The modeling results for B. subtilis and S. oneidensis are
remarkably similar. The two bacterial species exhibit simi-
lar extents of adsorption over the entire range of Cd con-
centrations studied, and because of their similar proton
reactivities and site concentrations, the calculated log K val-
ues for reaction (3) are within error of each other. Although
these data do not constrain which site is involved in Cd
binding, the 1:1 model yields the best fit to the entire Cd
concentration range dataset regardless of which site we
use in the model. If more than one site is involved in the
Cd binding over this range of Cd loadings, the modeling
suggests that any mechanism involves a 1:1 metal:site bind-
ing ratio, except perhaps under the lowest Cd concentration
conditions studied here where a 1:2 complex is also
possible.

3.4. Analysis of XAFS data from standard compounds

The fitting results for the Cd standards are shown in
Table 2. The coordination environment of Cd in the ace-
tate-bearing standard was modeled with O and C shells,
corresponding to a bound acetate group. Data were fit with
5.5 (±0.3) O atoms in the first shell and 3C (fixed to this va-
lue based on speciation calculation) atoms in the second
shell, consistent with the bidentate bonding mechanism ob-
served by CaminitI et al. (1984). The Cd–C distance in the
Cd-acetate standard was found to be 2.70 (±0.02) Å. The
aqueous Cd-phosphate standard data were fit with 5.8
(±0.3) O atoms in the first shell, and 1.5 (±0.3) P atoms
in the second shell. The Cd–O bond length was found to
be 2.28 (±0.02) Å, the same distance as in the Cd-acetate
standard, and the Cd–P bond distance was found to be
3.41 (±0.03) Å. The Cd sulfide standard was fit with 4 S
Table 2
Structural parameters obtained from fits of the standard com-
pounds spectra.

Standard Path N R(Å) r2 (10�3 Å2)

CdAc Cd–O 5.5 ± 0.3 2.28 ± 0.02 10.9 ± 0.9
Cd–C 3.0b 2.70 ± 0.02 12.8 ± 4.0

CdPO4 Cd–O 5.8 ± 0.3 2.28 ± 0.02 10.5 ± 1.2
Cd–P 1.5 ± 0.3 3.41 ± 0.03 15.0 ± 3.0

CdS Cd–S 4.0a 2.53 ± 0.02 9.0 ± 1.0
Cd–Cd 12.0a 4.2 ± 0.01 25.0 ± 4.0

a Fixed to this value based on crystallographic data.
b Fixed to this value based on speciation calculations.
atoms in the first shell at a distance of 2.53 (±0.02) Å.
The sulfide standard displays characteristic spectral features
that can be seen in Fig. 3a. The second and third oscilla-
tions of the Cd sulfide spectrum are out of phase relative
to all the other standards. The phase shift arises from Cd
bonding to sulfur in the first shell, as opposed to bonding
to oxygen in all of the other standards. This phase shift
(and change in frequency) in the chi data is manifested in
a shift in the first peak of the Fourier transformed data
for the Cd–S spectrum in Fig. 4a relative to the other stan-
dard spectra. In the Cd-acetate data, note the reduction in
amplitude of the first shell peak in Cd-acetate compared to
the Cd-phosphate spectrum (Fig. 4a). Detailed modeling re-
veals that the reduction in amplitude is due to the signal
from the carbon atom interfering destructively with that
from the oxygen atom. The subtle features in the second
shell of the Cd-phosphate and Cd-acetate spectra are not
seen clearly from the full view of the magnitude of the Fou-
rier transformed data, because C and P are both light ele-
ments that do not backscatter the photoelectrons
strongly. The enlarged real part of the Fourier transformed
data, however, illustrates the relatively small changes in the
second shell of the Cd-acetate and Cd-phosphate spectra
(Fig. 4b). As can be seen from Fig. 4b, the Cd-phosphate
standard exhibits a feature (line shape) at about 2.7 Å,
indicative of the P atom in a bound phosphate group.
The position of the S peak overlaps the position of the C
feature at 2.2 Å in the Cd-acetate spectrum, but is shifted
to larger distances. From the above analysis it is clear that
the characteristic spectral features of a Cd-carboxyl and a
Cd-phosphoryl local environment are: (1) for Cd-carboxyl
binding, a smaller first shell peak amplitude exists, associ-
ated with an increase in the second shell peak at about
2.2 Å (Fig. 4b), and (2) for Cd-phosphoryl binding, a larger
first shell amplitude is evident, along with a feature at 2.7 Å.
The characteristic feature of Cd-sulfhydryl binding is a
shifted first shell peak to larger distances relative to a Cd–O
environment, and this shift is associated with an increase
in the peak to a position just over 2.2 Å (Fig. 4b).

The collection of high quality EXAFS data allowed
assignment of the subtle features in the EXAFS spectra to
the corresponding ligands, as well as the quantitative mod-
eling described above. The structural parameters of the
Cd–O, Cd–S, Cd–C and Cd–P contributions (paths) used
in fitting the Cd sulfide, Cd-acetate and Cd-phosphate stan-
dards are the same as listed in Table 3 of Mishra et al., 2009.
The presence of these contributions in the spectrum of an
unknown sample can be taken as indicative of sulfhydryl-,
carboxyl-, and phosphoryl- binding environments, respec-
tively. Our approach was to use these well-calibrated paths
in the analysis of the spectra for the bacterial samples. A
Cd–Cd contribution (path) obtained from the fit of the
CdS spectrum was used to test for the presence of Cd precip-
itation in each sample.

3.5. Qualitative analysis of spectra from the bacterial

samples

The magnitude and real part of the Fourier transform
data for the B. subtilis samples at various Cd loadings are



Fig. 3. (a) k3 weighed v(k) data for (a) the Cd standards, (b) B.

subtilis isotherm, and (c) S. oneidensis isotherm data. Data range
used for Fourier transform was 2.3–9.8 k (Å�1).
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shown in Fig. 4c and Fig. 4d, respectively. The data can be
compared to the standards spectra that are depicted in
Fig. 4a and b. An increase in the amplitude of the oscilla-
tion at 2.2 Å with decreasing Cd loading in the system
can be clearly seen in Fig. 4d. Based on the analysis in
the previous paragraph, this increase can be attributed to
either increasing carboxyl or sulfhydryl binding to Cd.
The choice between these two possibilities is based on the
shift of the main peak position towards higher r values in
Fig. 4c. As discussed above, this shift is characteristic of
sulfhydryl binding, and suggests that in the two lowest con-
centration samples, 3.0 and 1.0 ppm, the adsorbed Cd is
predominantly bound to sulfhydryl groups.

The magnitude and the real part of the Fourier trans-
form data for the S. oneidensis samples are shown in
Fig. 4e and Fig. 4f, respectively. A consistent increase in
the amplitude oscillation and phase shift towards higher r

value at about 2.2 Å occurs in the real part of the Fourier
transform data (Fig. 4f) with decreasing Cd loading on
the bacterial cell wall. By the same arguments as those ap-
plied to the B. subtilis spectra, we conclude that an increase
in the relative amount of Cd atoms bound to sulfhydryl
groups on the S. oneidensis cell wall occurs with decreasing
Cd loading.

3.6. Quantitative EXAFS modeling

The six spectra from the samples taken along the B. sub-

tilis isotherm were first fit independently, using the Cd–O,
Cd–S, Cd–C and Cd–P paths that were used to model the
Cd standards (Table 2). The numerical results from these
fits are not shown because the final model, based on simul-
taneous fitting of data from all six Cd concentrations,
yielded identical results but with smaller uncertainties. Be-
low we discuss the individual fits separately only to show
that the observed binding behavior with Cd concentration
is not the result of the global fitting constraint.

We attempted to model the 200 ppm Cd B. subtilis spec-
trum with a single binding site and found that Cd-phos-
phoryl binding yields the best fit to the data. However,
the addition of a Cd-carboxyl binding site to the Cd-phos-
phoryl model significantly improves the fit. There is no evi-
dence for Cd-sulfhydryl binding in the 200 ppm Cd
spectrum. Best-fit values of the path parameters (r2 and
DR) for this sample were the same (within uncertainties)
as those obtained for the Cd standards reported above.
Modeling of the 100 ppm Cd B. subtilis spectrum yields re-
sults similar to those from the 200 ppm Cd spectrum, with
phosphoryl and carboxyl binding able to yield an excellent
fit to the data and with no evidence for Cd-sulfhydryl bind-
ing. Conversely, modeling of the individual spectra for the
30, 15, 3 and 1 ppm Cd samples requires an additional Cd-
sulfhydryl binding site, and indicates an increase in the
sulfhydryl coordination numbers with decreasing Cd con-
centration. While the carboxyl contribution to Cd binding
remains constant (within error) over this concentration
range, the phosphoryl contribution remains constant (with-
in error) up to 15 ppm, decreases for 3 ppm, and was not
required at all in order to successfully model the 1 ppm
data. A steep increase in the sulfhydryl coordination num-
ber was found at 1 ppm, indicating the predominance of
Cd-sulfhydryl binding under these conditions.

The Cd-sulfhydryl binding that we observed in the
30 ppm B. subtilis experiment, although only a small por-
tion of the bound Cd budget, is in contrast with the findings
of Boyanov et al. (2003) and Mishra et al. (2007) who did
not report any sulfhydryl binding for the same bacterial
species at similar Cd concentrations and pH values. How-
ever, the S coordination number that we report here for
these conditions (0.08 ± 0.04) is extremely small, and could
easily be masked by carboxyl and phosphoryl functional
groups with small changes in experimental conditions.

Although independent modeling of the six B. subtilis

samples provides an approximation of the contributions
of Cd-carboxyl, -phosphoryl and -sulfhydryl binding in
each spectrum, the average binding environment is complex



Fig. 4. (a) Fourier Transform magnitude of the Cd Standard data, (b) real part of the Fourier transform data of the Cd standard data, (c)
Fourier Transform magnitude of the B. subtilis isotherm data, (d) real part of the Fourier Transform data of the B. subtilis isotherm, (e)
Fourier Transform magnitude of the S. oneidensis isotherm data, and (f) real part of the Fourier Transform data of the S. oneidensis isotherm.
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in nature and there are overlapping contributions of rela-
tively small amplitude in the spectra. Correlations within
each individual fit between coordination numbers and sig-
ma-square values, as well as between DE0 (energy shift)
and bond distances, can mask trends in the structural
parameters in the series of samples. To deal with the prob-
lem, all six spectra were fit simultaneously, each at three
k-weights, resulting in a simultaneous fit of eighteen data-
sets. The energy shift, DEo, the radial distance (R) and
the distance variation (r2-value) to each ligand were refined,
but were constrained to be the same in all samples. This ap-
proach carries in it the implicit assumption of identical
molecular binding geometry to the corresponding ligands
in all samples, and attributes the variation in amplitude
to variations in the relative coordination numbers. In other
words, it is assumed that the Cd–ligand distance and varia-
tion in average radial distance (r2-values) are the same
whether Cd is bound to that ligand alone or is in a mixed
environment of Cd-carboxyl, Cd-phosphoryl and/or Cd-
sulfhydryl binding. This simultaneous fitting approach
yields best-fit values of the path parameters (r2 and DR)
for all paths that are the same (within uncertainties) as
those obtained for the Cd standards (Table 2). These vari-
ables were therefore fixed to be equal to the values obtained
for them from the Cd standards. The increased number of
independent data points for the fit and the reduced number
of variables resulted in smaller correlations between the fit-
ting parameters, allowing their determination with smaller
uncertainties and revealing the trends in average binding
environment with changes in Cd loading.

Further confidence in the fitting approach adopted in
this study was gained by a simple test to determine the
robustness of the model. The variables (distances, and
Debye–Waller factors) which have been fixed in this fitting
approach to the values obtained by standard compounds
were set to the upper and lower limits of their uncertainties
and the fits were performed again (Table 2). This results in
less than a 15% change in the final coordination numbers of
the corresponding ligands reported in Table 3a. Although a
rigorous qualitative modeling of the data has been at-
tempted, and a robust fitting of the EXAFS spectra has
been achieved, the determination of the absolute number
of ligands bound to a metal in a complex natural system
is difficult. However, the technique is much more precise
in determining relative changes in the coordination environ-
ment of the metal, so the observed changes in the coordina-
tion numbers that we report in Table 3 are significant and
real.



Table 3
EXAFS fitting parameters for (a) B. subtilis and (b) S. oneidensis samples.

[Cd] (in ppm) 1.0 3.0 15 30 100 200

(a) Bacillus subtilis

Paths

No 1.95 ± 0.16 3.93 ± 0.28 4.67 ± 0.16 4.78 ± 0.12 4.98 ± 0.16 4.93 ± 0.14
Nc 1.22 ± 0.52 1.23 ± 0.62 0.97 ± 0.48 0.89 ± 0.46 0.99 ± 0.60 0.98 ± 0.48
Ns 2.87 ± 0.14 0.98 ± 0.22 0.17 ± 0.14 0.08 ± 0.04
Np 0.48 ± 0.24 0.82 ± 0.36 0.82 ± 0.32 1.12 ± 0.40 1.03 ± 0.40

Ro = 2.28 Å, ro
2 = 0.009 Å�2

Rc = 2.70 Å, rc
2 = 0.012 Å�2

Rs = 2.53 Å, rs
2 = 0.009 Å�2

Rp = 3.41 Å, rp
2 = 0.015 Å�2

DE0 = �2.2 ± 0.8 eV

(b) Shewanella oneidensis

Paths

No 3.18 ± 0.28 3.72 ± 0.22 4.28 ± 0.20 4.98 ± 0.14
Nc 1.17 ± 0.42 1.30 ± 0.56 1.46 ± 0.60 1.40 ± 0.54
Ns 4.10 ± 0.65 1.42 ± 0.14 0.90 ± 0.16 0.45 ± 0.16
Np 0.35 ± 0.26 0.58 ± 0.30 0.83 ± 0.30 0.95 ± 0.34

Ro = 2.28 Å, ro
2 = 0.009 Å�2

Rc = 2.70 Å, rc
2 = 0.012 Å�2

Rs = 2.53 Å, rs
2 = 0.009 Å�2

Rp = 3.41 Å, rp
2 = 0.015 Å�2

DE0 = �1.4 ± 0.6 eV
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The number of variables used to fit the EXAFS data in
this study is less than one-third the number of independent
data points in the data as obtained using Nyquist’s theorem
(Nyquist, 1928). Hence, the goodness-of-fit of the model to
the data is not the result of excessive flexibility in the model
and each refined parameter represents meaningful informa-
tion about the binding environments.

Final fitting parameters for the B. subtilis system are tab-
ulated in Table 3a, and the magnitude and real part of the
Fourier transform of the data and fits are shown in Fig. 5a
and b, respectively. Table 3a shows that the number of oxy-
gen atoms bound to each Cd atom consistently decreases
with decreasing Cd concentration from 4.93 ± 0.14 for the
200 ppm sample to 1.95 ± 0.16 for the 1.0 ppm sample.
This is concurrent with an increase in the average number
of sulfur atoms bound to each Cd atom from 0.8 ± 0.04
for 30 ppm to 2.87 ± 0.14 for the 1.0 ppm B. subtilis sam-
ple. The two highest Cd loading samples (200 and
100 ppm Cd) do not exhibit any sulfhydryl contribution
to the Cd binding. The coordination numbers of the car-
boxyl group (�1.0 ± 0.5) remain the same within the uncer-
tainty of the measurement over the entire concentration
range measured. The coordination number of the phos-
phoryl group remains the same (�1.0 ± 0.3) within the
uncertainty of the measurement for the 200, 100, 30 and
15 ppm Cd samples, but decreases to 0.48 ± 0.24 for the
3.0 ppm sample. The 1.0 ppm B. subtilis data do not require
the inclusion of Cd-phosphoryl binding to account for the
experimental spectra.

We used a similar approach to model the S. oneidensis

data as we did for the B. subtilis data. That is, we first at-
tempted to model each spectrum individually with as few
site types as possible. We then compared these results with
simultaneous fits of all of the spectra together. In general,
we observed similar Cd binding environments and trends
in the S. oneidensis samples as we did for the B. subtilis sam-
ples. Modeling of the 200 ppm Cd S. oneidensis spectrum
with a single binding site provided the best fit with Cd-
phosphoryl binding. However, as was the case for the
200 ppm Cd B. subtilis sample, the addition of Cd-carboxyl
binding to the Cd-phosphoryl model significantly improved
the fit. Best-fit values of the parameters (r2 and DR) for this
sample are the same (within uncertainties) as those obtained
for the Cd standards reported above. Modeling of the indi-
vidual spectra for the 100, 30, and 15 ppm Cd samples
shows an increase in the sulfhydryl coordination numbers
with decreasing Cd concentration. While the carboxyl con-
tribution to Cd binding remains constant (within error)
over this concentration range, the phosphoryl contribution
decreases with decreasing Cd concentration in the samples.
A steep increase in sulfhydryl coordination number to
4.10 ± 0.65 occurs for the 3 ppm Cd sample, where car-
boxyl and phosphoryl contributions to Cd binding are
not required to fit the data. This spectrum was fit solely
with a Cd–S path, indicating the complete dominance of
Cd-sulfhydryl binding under these conditions.

Final fitting parameters for the S. oneidensis system,
using the same simultaneous fitting approach as we applied
to the B. subtilis spectra, are listed in Table 3b, and the
magnitude and real part of the Fourier transform of the
measured spectra and the model fits are shown in Fig. 5c
and d, respectively. Table 3b shows that the number of oxy-
gen atoms bound to each Cd atom consistently decreases
with decreasing Cd concentration from 4.98 ± 0.14 for the
200 ppm sample to 3.18 ± 0.28 for the 15 ppm sample. This
is concurrent with an increase in the average number of S



Fig. 5. Fourier Transform (a) magnitude and (b) real part of the EXAFS data and fits for the B. subtilis isotherm, and Fourier transform (c)
magnitude and (d) real part of the EXAFS data and fits for the S. oneidensis isotherm.
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atoms bound to each Cd atom from 0.45 ± 0.16 for the
100 ppm Cd sample to 1.42 ± 0.14 for the 15.0 ppm Cd-S.

oneidensis sample. The highest Cd loading sample (200
Cd) does not exhibit any Cd-sulfhydryl contribution. The
coordination numbers of the carboxyl group remain the
same (1.30 ± 0.15) as a function of Cd loading within the
uncertainty of the measurement. The coordination number
of the phosphoryl group decreases from 0.95 ± 0.34 for the
200 ppm Cd sample to 0.35 ± 0.26 for the 15 ppm Cd-S.

oneidensis sample. The 3 ppm Cd-S. oneidensis data were
modeled with Cd-sulfhydryl binding only. Carboxyl and
phosphoryl contributions to the Cd binding were not re-
quired for modeling the 3 ppm Cd data.

3.7. Discussion of Cd adsorption on bacterial cell walls as a

function of Cd loading

The EXAFS fitting results are consistent with the mod-
eling of the bulk adsorption data, and indicate that B. sub-

tilis and the S. oneidensis cells exhibit broadly similar
binding mechanisms for Cd as a function of metal loading
under the conditions of this study. Phosphoryl and car-
boxyl binding are primarily responsible for Cd binding to
B. subtilis cells at higher and intermediate Cd loading con-
ditions (200, 100, 30 and 15). Carboxyl and sulfhydryl bind-
ing become much more important at 3 ppm and sulfhydryl
sites become the most important binding sites at 1 ppm Cd
loading for B. subtilis. On the other hand, phosphoryl bind-
ing dominates Cd binding to S. oneidensis cells under high
Cd loading conditions (the 200 and 100 ppm Cd samples).
The importance of carboxyl functional groups is highest
at intermediate Cd loading conditions (the 30 and 15 ppm
Cd samples) for S. oneidensis, due to the decreasing impor-
tance of the phosphoryl group. Sulfhydryl sites completely
dominate the Cd binding for the S. oneidensis samples with
the lowest Cd loading (3 ppm Cd). Sulfhydryl binding likely
does not disappear with increasing Cd loading onto the
bacterial cell wall. Rather, carboxyl and phosphoryl bind-
ing dominate the bound Cd budget under these conditions,
swamping the signal of the relatively low abundance Cd-
sulfhydryl sites. The EXAFS fitting parameters indicate
that more than one site is involved simultaneously in Cd
binding under most of the conditions studied, and except
for the lowest Cd concentrations studied, the dominant
adsorption stoichiometry for each site type is a 1:1 Cd:Site
ratio. These results are consistent with the surface complex-
ation modeling of the bulk Cd adsorption data, which also
indicates an average Cd:Site stoichiometry of 1:1 and 1:2 at
the high and low Cd concentration ranges of this study. The
increase in average coordination number under the lowest
Cd loading conditions is evident from the steepening of
the Cd adsorption isotherms (Fig. 2a and b) under these
conditions. In addition, if we determine the average adsorp-
tion stoichiometry that is consistent with only the data
points with the lowest three Cd concentrations for each
bacterial species, then we obtain best-fitting Cd:Site stoichi-
ometries of 1:3 and 1:4 for the B. subtilis and the S. oneid-

ensis data, respectively. These results are consistent with the
increase in S coordination number to 2.87 ± 0.14 and
4.10 ± 0.65 for the lowest Cd concentrations studied for
B. subtilis and S. oneidensis.

The lowest concentration S. oneidensis sample exhibits
sulfhydryl binding only, and therefore can be used to esti-
mate the concentration of sulfhydryl sites on the bacterial
cell wall. Cd forms stable tetrahedral bonds with S, so
our observed coordination number of 4.10 ± 0.65 for S is
consistent with the absence of any carboxyl and/or phos-
phoryl binding of Cd in this sample. It would, therefore,
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be reasonable to assume that for the 3 ppm Cd S. oneidensis

sample, the concentration of sulfhydryl functional groups
on the cell wall can be approximated as four times the con-
centration of adsorbed Cd atoms. This approximation is
likely an underestimation, as not all sulfhydryl sites on
the cell wall are involved in Cd binding under these condi-
tions. However, these are the first estimates of the sulfhy-
dryl site concentration and are valuable as preliminary
constraints at least. Under these conditions, the concentra-
tion of adsorbed Cd is 2.2 � 10�6 moles of Cd per gram
(wet mass) of bacteria, yielding an estimate of the sulfhy-
dryl site concentration of 8.8 � 10�6 moles of sites per gram
(wet mass) of bacteria. This site concentration represents
only approximately 2% of the total number of sites on the
cell wall, as determined by the potentiometric titrations.

The observation and characterization of the low abun-
dance, high-affinity sulfhydryl sites in this study was made
possible by using very low metal-to-surface loading condi-
tions. This avoided masking of the sulfhydryl spectral signal
by larger signals from the more abundant, lower-affinity sites
that become occupied under higher metal loading conditions.
A possible reason why purely sulfhydryl bonding has not been
observed in previous spectroscopy studies was the use of high
metal loadings in order to obtain good signal-to-noise ratio
during data collection. We were able to collect high quality
spectra from low concentration samples by utilizing a high-
flux undulator beamline and a Stern–Heald fluorescence
detector (Stern and Heald, 1983). The more intuitive ap-
proach of using a 13-element energy-dispersive Ge detector
provided inferior data quality above k � 8 Å�1. We explain
this by the fact that our system is composed predominantly
of low-Z elements, resulting in a low fluorescence back-
ground. Therefore, the advantage of removing the small back-
ground using energy-dispersive detectors is outweighed by the
limited count rate compared to ionization chambers. In addi-
tion, by optimizing the gasses, voltages, and the sensitivity
regimes of the incident and fluorescence ionization detectors
we were able to achieve a better linear response between the
Io and If detectors. This resulted in low-noise data from sam-
ples as dilute as 1 ppm Cd in the original solution phase.
Fig. 6. A schematic representation of the regions of predominance
of the three different Cd binding environments as a function of Cd
loading onto biomass as determined by EXAFS.
4. CONCLUSIONS

This study highlights the strengths and limitations of both
bulk adsorption and EXAFS measurements of metal–bacte-
rial complexation. Bulk metal adsorption measurements
conducted as a function of metal loading provide constraints
on the average adsorption reaction stoichiometry, and
enable quantification of the stability constants for the impor-
tant metal-bacterial complexes. However, these measure-
ments do not provide for direct identification of the
important site or sites involved in metal binding. Conversely,
EXAFS measurements can rigorously identify the important
adsorption sites, but are less precise for determining reaction
stoichiometry and stability constant values.

We use these complementary techniques to elucidate the
nature and extent of Cd adsorption onto typical Gram-po-
sitive and Gram-negative bacterial cell walls. The bulk Cd
adsorption measurements indicate that adsorption can be
reasonably explained by a 1:1 metal:site reaction stoichiom-
etry over the range of metal loading conditions studied
here. The EXAFS results are consistent with the bulk
adsorption measurements, indicating monodentate binding
of Cd onto both the carboxyl and the phosphoryl sites. The
only conditions where multi-dentate binding was observed
in the EXAFS data were for the lowest Cd loading samples
for both species (1 ppm for B. subtilis and 3 ppm for S.

oneidensis), where the coordination number for the sulfhy-
dryl binding site becomes significantly greater than one.

The EXAFS measurements, collected over two orders of
magnitude of Cd:site loading conditions, indicate similar
binding environments for the two bacterial species studied.
In addition, the EXAFS modeling indicates that three dif-
ferent sites are responsible for Cd binding to these two bac-
terial cell walls. Fig. 6 depicts the general predominance
regions for the three different types of sites as a function
of Cd loading for the S. oneidensis samples, and a similar
picture would apply to the B. subtilis samples as well. Phos-
phoryl and carboxyl binding play important roles at high
(100–200 ppm) and mid (15–30 ppm) Cd loadings, respec-
tively, for the S. oneidensis samples. For the B. subtilis sam-
ples, phosphoryl and carboxyl sites exhibit overlapping and
equal contributions for the samples with Cd concentrations
of 15 ppm and higher. Carboxyl binding becomes more
important than phosphoryl binding at 3 ppm Cd loading
for B. subtilis samples. However, at the lowest Cd loadings
for both of the species studied here, sulfhydryl surface com-
plexes dominate the adsorbed Cd budgets. Because the sulf-
hydryl binding sites out-compete other deprotonated sites
for Cd at low Cd concentrations, these sites must have a
higher binding affinity for Cd than the other sites that are
deprotonated at pH 5.9. However, the EXAFS data in this
study do not constrain the location or identity of the sulfhy-
dryl groups that bind Cd onto the biomass. The sulfhydryl
sites may be a component of cell wall-bound metal regula-
tor proteins, or they may represent a component of a toxic-
ity response mechanism located on the cell walls, initiated
by the non-metabolizing cells with the small amount of
stored energy that remains after washing. Our EXAFS
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analysis indicates that the sulfhydryl sites are limited in
abundance relative to other cell wall site types, their binding
stoichiometries with Cd are much higher than those found
for the other functional groups, and these multi-dentate
bonds bind Cd tightly. However, a precise determination
of the location and more general molecular structure of
the sulfhydryl sites require additional experimental and
analytical constraints.

Because of the overlapping ranges of the phosphoryl,
carboxyl, and sulfhydryl binding, we could not explicitly
determine the stability constant for each Cd–bacterial sur-
face complex for each species studied here. However, be-
cause a single stability constant yielded an excellent fit to
the bulk Cd adsorption data over a wide range of Cd load-
ing conditions, the value of this stability constant represents
the average of the individual stability constants of the Cd-
sulfhydryl, the Cd-carboxyl, and the Cd-phosphoryl bacte-
rial surface complexes. Potentiometric titrations and Cd
adsorption measurements that explicitly probe conditions
under which these sites each dominate are needed in order
to explicitly determine the speciation and thermodynamic
stability of each complex.

The EXAFS results presented in this study demonstrate
the following: (1) there is a broad similarity between the Cd
binding environments of these two species over a wide range
of Cd concentrations at circumneutral pH conditions, and (2)
Cd-sulfhydryl binding dominates the adsorbed Cd budget
under low Cd loading conditions. The similarity in the extent
of bulk Cd adsorption of these two bacterial species over a
wide range of Cd loadings complements the recent finding
that diverse bacterial consortia exhibit broadly similar bind-
ing environments over a wide pH range at a fixed Cd loading
(Mishra et al., 2009; Johnson et al., 2007; Borrok et al.,
2004b). Metal-sulfhydryl binding likely occurs under the
higher Cd loading conditions studied here, but its presence
is masked to EXAFS probing by the relatively high-abun-
dance of carboxyl and phosphoryl binding sites when metal:-
site molal concentration ratios are high. However, our data
indicate the important role of these sites in Cd binding to
both Gram-positive and Gram-negative bacterial cells under
the circumneutral pH conditions of many natural systems.
Since Cd represents typical trace metal binding (e.g., Fein,
2000), sulfhydryl binding is likely to control metal binding
under low loading conditions for a wide range of metals of
environmental and geologic interest. Our finding that sulfhy-
dryl is the dominant binding ligand at lower Cd loadings sug-
gests that these sites may also dominate metal binding by
bacteria in realistic geologic settings where metals are typi-
cally present in trace concentrations.
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