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Bulk adsorption and X-ray absorption spectroscopy experiments were conducted in order to investigate the
ability of three bacterial species to adsorbHg in the absence and presence of chloride from pH 2 to 10. Adsorption
experiments were performed using non-metabolizing cells of Bacillus subtilis, Shewanella oneidensis MR-1, and
Geobacter sulfurreducens suspended in a 0.1 M NaClO4 electrolyte to buffer ionic strength. After equilibration,
the aqueous phaseswere sampled and analyzed using inductively coupled plasma-optical emission spectroscopy
(ICP-OES) for remaining Hg concentrations. The biomass from some experiments was analyzed using Hg X-ray
absorption spectroscopy (XAS) to determine the binding environment of the Hg.
In both chloride-free and chloride-bearing systems, the three bacterial species studied exhibited similar adsorp-
tion behaviors. Chloride causes a dramatic shift in the adsorption behavior of each of the bacterial species. In the
absence of chloride, each of the species exhibits maximum adsorption between pH 4 and 6, with decreasing but
still significant adsorption with increasing pH from 6 to approximately 10. The extent of Hg adsorption in the
chloride-free systems is extensive under all of the experimental conditions, and the concentration of adsorbed
Hg exceeds the concentration of any individual binding site type on the cell envelope, indicating that binding
onto multiple types of sites occurs even at the lowest pH conditions studied. Because binding onto an individual
site type does not occur exclusively under any of the experimental conditions, individual stability constants for
Hg–bacterial surface complexes cannot be determined in the chloride-free system. In the presence of chloride,
all of the bacterial species exhibit minimal Hg adsorption below pH 4, increasing adsorption between pH 4 and
8, and slightly decreasing extents of adsorption with increasing pH above 8. The low extent of adsorption at
low pH suggests that neutrally-charged HgCl20 adsorbs only weakly. The increase in Hg adsorption above pH 4
is likely due to adsorption of Hg2+ and HgCl(OH)0, and is limited by site availability and transformation to
Hg(OH)20 as pH increases. We use the adsorption data to determine stability constants of the Hg–, HgCl(OH)–,
and Hg(OH)2–bacterial cell envelope complexes, and the values enable estimations to bemade for Hg adsorption
behavior in bacteria-bearing geologic systems.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Bacteria are present in soils and groundwater systems (Madigan
et al., 2009), and adsorption onto bacterial cell envelope functional
groups can affect the speciation, distribution and transport of heavy
metals (Beveridge and Murray, 1976; Fortin and Beveridge, 1997;
Ledin et al., 1999; Small et al., 1999; Daughney et al., 2002). Although
the adsorption behaviors of a wide range of bacteria have been studied
for a wide range of metals (e.g., Beveridge and Murray, 1976, 1980;
Beveridge, 1989; Mullen et al., 1989; Fein et al., 1997, 2002; Borrok
et al, 2004; Wu et al., 2006; Borrok et al, 2007), Hg has received less
attention. Recent studies have found that proton-active sulfhydryl
functional groups exist on the surface of bacterial cell envelopes
am-Cheatham).
(Guine et al., 2006; Mishra et al., 2009, 2010, 2011; Pokrovsky et al.,
2012; Song et al., 2012). Many studies have demonstrated that Hg has
a high binding affinity for sulfur compounds (Fuhr and Rabenstein,
1973; Blum and Bartha, 1980; Compeau and Bartha, 1987; Winfrey
and Rudd, 1990; Benoit et al., 1999), and thus the adsorption of Hg to
bacteria may be dominated by this type of binding. Due to the high
affinity for this bond to form, bacteria have the potential to drastically
affect the distribution, transport and fate of Hg in soil and groundwater
systems.

Several studies have investigated the extent to which bacteria
adsorb Hg (Chang and Hong, 1994; Ledin et al., 1997; Green-Ruiz,
2006; Mo and Lian, 2011), and all have observed that Hg is extensively
removed from solution in the presence of bacteria under a range of
experimental conditions, with Hg adsorption typically more extensive
than that of other heavy metals (Hassen et al., 1998). The extent of
metal adsorption to bacteria canbequantifiedusing surface complexation
models (SCMs). SCMs have been applied to a range of metal–bacteria
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systems (e.g., Plette et al., 1996; Fein et al., 1997; Daughney and Fein,
1998; Cox et al., 1999; Fowle and Fein, 2000; Borrok et al., 2004),
though only one study has used this approach to model Hg adsorption
onto bacteria (Daughney et al., 2002). Daughney et al. (2002)measured
Hg adsorption onto Bacillus subtilis, a Gram-positive bacterial species, as
a function of bacteria-to-Hg ratio, pH, chloride concentration, bacterial
growth phase and reaction time, and used the data to constrain stability
constants for both chloride-free and chloride-bearing Hg–bacterial sur-
face complexes. It is crucial to test the accuracy of these stability con-
stants, and also to determine if other bacterial species exhibit similar
Hg adsorption behavior. Adsorption represents the first, and rate con-
trolling, step in the bioavailability of some metals to bacteria (Borrok
et al., 2004; Sheng et al., 2011), so determining the accurate and precise
stability constant values for Hg–bacterial surface complexes may
be crucial for quantitative modeling of processes such as bacterial
Hg-methylation and Hg toxicity.

In this study, we test the findings of Daughney et al. (2002) bymea-
suring Hg adsorption onto B. subtilis, and we expand on the Daughney
et al. (2002) study by measuring Hg adsorption behavior onto two
other representative bacterial species. In addition to bulk adsorption
measurements, we conducted X-ray absorption spectroscopy measure-
ments to constrain the dominant Hg bindingmechanisms. Bacterial ad-
sorption experiments were conducted as a function of pH and chloride
concentration using intact washed non-metabolizing bacterial cells.
In addition to the experiments involving the Gram positive species
B. subtilis, we conducted parallel experiments involving a common
Gram negative bacterial species (Shewanella oneidensis MR-1) and a
Gram negative species that is capable of Hg methylation (Geobacter
sulfurreducens) in order to investigate if cell envelope type affects Hg
adsorption and/or if methylating species exhibit unique Hg binding
properties. We used the experimental results to construct surface
complexation models that enable the calculation of Hg speciation
and distribution in a wide range of natural and engineered bacteria-
bearing systems.
2. Methods

2.1. Experimental methods

2.1.1. Bacterial growth and washing procedure
B. subtilis and S. oneidensis MR-1 cells were cultured and prepared

aerobically following the procedures outlined in Borrok et al. (2007).
Briefly, cells were maintained on agar plates consisting of trypticase
soy agar with 0.5% yeast extract added. Cells for all experiments
were grown by first inoculating a test-tube containing 3 mL of
trypticase soy broth with 0.5% yeast extract, and incubating it for
24 h at 32 °C. The 3 mL bacterial suspension was then transferred
to a 1 L volume of trypticase soy broth with 0.5% yeast extract for
another 24 h on an incubator shaker table at 32 °C. Cells were
pelleted by centrifugation at 8100 g for 5 min, and rinsed 5 times
with 0.1 M NaClO4.

G. sulfurreducens cells were cultured and prepared using a differ-
ent procedure than described above. Cells were maintained in
50 mL of anaerobic freshwater basal media (ATCC 51573) at 32 °C
(Lovely and Phillips, 1988). Cells for all experiments were grown
by first inoculating an anaerobic serum bottle containing 50 mL of
freshwater basal media, and incubating it for 5 days at 32 °C. Cells
were pelleted by centrifugation at 8100 g for 5 min, and rinsed 5
times with 0.1 M NaClO4 stripped of dissolved oxygen by bubbling
a 85%/5%/10% N2/H2/CO2 gas mixture through it for 30 min. After
washing, the three types of bacteria used in this study were then
pelleted by centrifugation at 8100 g for 60 min to remove excess
water to determine the wet mass so that suspensions of known
bacterial concentration could be created. All bacterial concentrations
in this study are given in terms of g wet biomass per liter.
2.1.2. Bacterial potentiometric titrations
Surface complexation modeling requires determination of bacterial

cell envelope site concentrations and acidity constants. These parame-
ters have been determined previously for B. subtilis (Fein et al., 2005)
and S. oneidensis MR-1 (Mishra et al., 2010), but they have not been
determined for G. sulfurreducens. To obtain these values, four replicate
potentiometric titrations of G. sulfurreducens cells (100 g/L) were
conducted in 0.1 M NaClO4 under a N2 atmosphere with an automated
burette assembly. The biomass suspension was prepared using washed
biomass and 0.1MNaClO4 thatwas purgedwith N2 gas for 30min prior
to the preparation of the suspension. The suspension pHwasmeasured
using a glass electrode filled with 4 M KCl that was standardized using
commercially supplied pH standards. The titrations were performed
by measuring the pH after each addition of aliquots of commercially
supplied volumetric standard of 1.030 M NaOH or 1.048 M HCl to the
suspension. Acid or base additions were made only after a maximum
drift of 0.01 mV/s was attained.

The biomass suspension was titrated first with HCl to achieve a
pH of ~2.0. The suspension was then titrated with NaOH to a pH of
~10.0. Titrations of the electrolyte solution only were performed
before and after each biomass titration to verify mechanical accuracy
and reproducibility.

2.1.3. Batch adsorption experiments
Aqueous Hg(II), chloride, and suspended bacteria parent solutions

were prepared using circum-neutral 0.1 M NaClO4 electrolyte solution
(pH adjusted to 7.0 ± 0.5 using 0.2 M HNO3 and/or 0.2 M NaOH), and
either 1000 ppmHg(II) or chloride (Cl−) volumetric aqueous standards,
or washed bacterial cells (as described above). The parent solutions
were mixed together in the following order: an aliquot of chloride par-
ent solution was added to a bacterial suspension, and then an aliquot of
Hg(II) parent solution was added and the mixture was diluted with 0.1
M NaClO4 to achieve a suspension with a log molality of Hg of−4.13, a
logmolality of chloride of−3.00, and either 0.2 gwet biomass/L (for the
B. subtilis and S. oneidensis experiments) or 0.1 g wet biomass/L (for the
G. sulfurreducens experiments). Chloride-free experiments were also
conducted and prepared in an identical fashion, but excluding the
chloride addition. Eight milliliter aliquots of the suspension were
added to 20 Teflon reaction vessels and the pH of each aliquot was
immediately adjusted to cover the pH range from 2 to 10, using 0.2 M
HNO3 and/or NaOH, and the vessels were placed on an end-over-end
rotator for the duration of the experiment (2 h for B. subtilis and
G. sulfurreducens, and 3 h for S. oneidensis). Kinetics experiments
(data not shown) were conducted to determine the duration required
for each system to attain steady-state conditions. The pH of each ex-
periment was monitored and adjusted if necessary using 0.2 M HNO3

and/or NaOH every 15 min throughout the duration of the experi-
ment except during the last 30 min, during which the suspensions
were undisturbed. At the completion of each experiment, the final
pH of each solution was measured and the contents were filtered
through a 0.2 μmPTFE syringe filter to remove the bacteria. The aqueous
phase was collected and acidified using 15.8 N HNO3 at a sample:acid
ratio of 5 mL:8 μL and refrigerated pending aqueous Hg analysis. All
experiments were performed under atmospheric, room temperature
conditions. Three replicate experiments were conducted for each
experimental condition.

2.1.4. Inductively-coupled plasma-optical emission spectroscopy (ICP-OES)
Ionic strength matrix-matched ICP-OES standards were prepared

gravimetrically by diluting a commercially-supplied 1000 ppm Hg(II)
aqueous standard with 0.1 M NaClO4, and each standard was acidified
using 8 μL of 15.8 N HNO3 per 5 mL sample. The log molality of the Hg
standards ranged from −6.30 to −4.05. The standards and samples
were analyzed with a Perkin Elmer 2000DV ICP-OES at a wavelength
of 253.652 nm within 2 days of collection. The set of standards was
analyzed before and after all of the samples were analyzed, as well as
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after every 15 samples, to check formachine drift. Analytical uncertainty,
as determined by repeat analyses of the standards, was ±5.6%.

2.1.5. Synchrotron experiments: X-ray absorption spectroscopy (XAS)
Hg LIII-edge X-ray absorption near edge structure (XANES) and

extended X-ray absorption fine-structure spectroscopy (EXAFS) mea-
surements were performed at the MRCAT Sector 10-ID Beamline
(Segre et al., 2000), Advanced Photon Source, at the Argonne National
Laboratory. The continuous-scanning mode of the undulator was used
with a step size of 0.5 eV and an integration time of 0.1 s per point to
decrease the radiation exposure during a single scan. Additionally,
measurements were made at different spots on the samples to further
decrease the exposure time. Hg XAS measurements were conducted
as outlined in Mishra et al. (2011).

Three Hg solutions, Hg-chloride, Hg-cysteine, and Hg-acetate, were
utilized as standards for Hg XAS analyses. The Hg-chloride standard
was prepared by adding mercuric chloride salt (Alfa-Aesar) to 18 MΩ
ultrapurewater and adjusting the pH to 3.0±0.1 by adding appropriate
amounts of 1 M or 5 M HNO3 or NaOH. To prepare the Hg-cysteine
standard, first an aqueous Hg standard was prepared from high-purity
5 mM dissolved Hg in 5% HNO3. The pH of the solution was adjusted
to pH 2.0 ± 0.1 by adding small aliquots of 5 M NaOH. Cysteine was
added to this solution to achieve a Hg:cysteine ratio of 1:100. The pH
of the Hg-cysteine standard was adjusted to 5.0 ± 0.1 by adding
small aliquots of 1 M or 5 M NaOH. The Hg-acetate standard was
prepared by adding mercuric acetate salt (Alfa-Aesar) to ultrapure
water and adjusting the pH to 5.0 ± 0.1 by adding small aliquots of
1 M or 5 M NaOH.

To prepare the Hg XAS biomass samples, S. oneidensisMR-1 biomass
was reacted with aqueous Hg by diluting a commercially-supplied
1000 mg L−1 Hg standard with a pH-adjusted 50 mg L−1 NaCl stock
solution prepared in 0.1 M NaClO4. The experimental conditions in-
cluded log molalities of Hg of −5.00, −4.60, and −4.13 at both
pH 5.50 ± 0.10 and 8.00 ± 0.10. The bacterial concentration in all
experiments was 2 g L−1, and each experimental condition was
prepared either in the absence of chloride or in the presence of a
log molality of chloride of −3.00. Reacted biomass samples were
loaded into slotted Plexiglas holders that were subsequently covered
with Kapton tape with a Kapton film sandwiched in between the
tape and the Plexiglas to avoid direct contact of the sample with
the tape adhesive. Samples were refrigerated until data collection.
All measurements were conducted within 48 h of sample preparation.

The datawere analyzed using themethods described in theUWXAFS
package (Stern et al., 1995). Energy calibration between different
scans was maintained by measuring Hg/Sn amalgam on the refer-
ence chamber concurrently with the fluorescence measurements of
the biomass-bound Hg samples (Harris et al., 2003). The inflection
point of the Hg LIII-edge (12.284 KeV) was used for calibration.
Data processing and fitting were done with the ATHENA and ARTEMIS
programs (Ravel and Newville, 2005). The data range used for Fourier
transformation of the k-space data was 2.0–9.5 Å−1. The Hanning
window function was used with dk= 1.0 Å−1. Fitting of each spectrum
was performed in r-space, at 1.2–3.2 Å, with multiple k-weighting
(k1, k2, k3) unless otherwise stated. Lower χν2 (reduced chi square)
was used as the criterion for inclusion of an additional shell in the
shell-by-shell EXAFS fitting procedure.

2.2. Thermodynamic modeling

We used a non-electrostatic surface complexation approach to
model proton and Hg adsorption onto bacterial cell envelope functional
groups (Fein et al., 1997, 2005). That is, we modeled the acidity of
surface functional groups via deprotonation reactions:

R−AiH
0⇔R−Ai

− þHþ ð1Þ
where R represents the cell envelope macromolecule to which each
type of functional group, Ai, is attached. The distribution of protonated
and deprotonated functional group sites can be quantified via mass
action equations, such as:

Ki ¼
R−Ai

−½ �aHþ

R−AiH
0� � ð2Þ

where Ki represents an acidity constant, a represents the activity of the
subscripted species, and the brackets represent the activities of surface
sites in moles per liter of solution.

In applying this approach tomodeling the surface acidity of bacteria,
we implicitly assumed that the deprotonation of each type of functional
group, Ai, can be represented as a single deprotonation of an organic
acid. Because all of our experiments were conducted at the same ionic
strength, we ignored potential ionic strength effects on the surface
electric field, applying a non-electrostatic model to account for the
titration and Hg adsorption data. Potentiometric titration experiments
are essentially studies of proton adsorption and desorption, yet because
the solvent contains the same element as is reacting with the surface of
interest, it is impossible to apply a traditional mass balance approach.
Instead, one must define a zero proton condition for the bacterial cell
envelope, and account for changes in proton concentrations relative to
that condition (e.g., Westall et al., 1995; Fein et al., 2005). After the
approach by Fein et al. (2005), we chose fully protonated cell envelope
sites to represent our zero proton condition, and we used FITEQL
(Westall, 1982) to solve for the initial state of protonation in each
titration (Westall et al., 1995).

As is discussed below, the extent of Hg adsorption that we
observed in the chloride-free systems was too extensive to be able
to isolate or model the extent of adsorption onto individual cell enve-
lope sites. For the chloride systems, we model the observed adsorption
as interactions between aqueous Hg species and deprotonated bacterial
cell envelope sites:

Hgspeciesþx þ R−Ai
−⇔ R−Aið Þ Hgspeciesð Þx−1 ð3Þ

where ‘Hg species+x’ represents the specific aqueous Hg species tested
in each model, ‘(R−Ai)(Hg species)x−1’ represents the Hg–bacterial cell
envelope complex, and x represents the charge of the aqueous Hg spe-
cies. The mass action equation for Reaction 3 is:

Kads ¼
R−Aið Þ Hg speciesð Þ x−1ð Þ

h i

a Hg speciesþxð Þ R−Ai
−½ � ð4Þ

where Kads is the thermodynamic equilibrium constant for Reaction 3, a
represents the activity of the species in parentheses, and brackets
represent concentrations in mol/L. Acid/base potentiometric titration
data provide constraints on the number of site types, their Ki values
and their site concentrations; Hg adsorption measurements conducted
as a function of pH constrain the number of sites involved in Hgbinding,
the pH range of influence, and the stability constants for the important
Hg–bacterial cell envelope complexes.We used the program FITEQL 2.0
(Westall, 1982) for the equilibrium thermodynamic modeling of the
adsorption data, using the aqueous speciation equilibria and equilib-
rium constants given in Table S1, and using the program's activity
coefficient calculations via the Davies equation.

3. Results & discussion

3.1. Potentiometric titrations

Potentiometric titrations of G. sulfurreducens biomass were
performed in order to calculate site concentrations and pKa values for
discrete proton-active cell envelope functional groups. G. sulfurreducens
exhibits significant proton buffering behavior over the entire pH range
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Fig. 1. Four replicate forward potentiometric titration of 100 g/L G. sulfurreducens in
0.1 M NaClO4.
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studied. Each of the four replicate G. sulfurreducens sets of titration
data is depicted in Fig. 1. G. sulfurreducens exhibits a similar total
buffering capacity ((C(a)− C(b)− [H+] + [OH−])/mb) to that mea-
sured for other bacterial species. For example, between pH 3 and 9,
G. sulfurreducens has a buffering capacity of 3.5 ± 0.6 × 10−4 mol/g
(reported error represents 1σ uncertainty), compared to a value of
3.0 × 10−4 mol/g for B. subtilis (Fein et al., 2005), 3.1 × 10−4

for S. oneidensis MR-1 (Mishra et al., 2010), and 1.27 × 10−4

and 2.23 × 10−4 mol/g for Acidiphilium acidophilum and Bacillus
pseudofirmus, respectively (Kenney and Fein, 2011). Borrok et al.
(2005) observed that a wide range of bacterial species exhibit
similar buffering behaviors, and our titration data demonstrate that
G. sulfurreducens exhibits that same buffering behavior.

The potentiometric titration data were used to quantify the site
concentrations and acidity constants for G. sulfurreducens. 1-, 2-, 3-, 4-,
and 5-site models were tested in order to determine the number of
proton-active surface site types on G. sulfurreducens cell envelopes
needed to account for the observed buffering behavior. The addition of
each additional site significantly lowered the V(Y) (variance) value
from an average of 185.6 for the 1-site models of the 4 titrations
to an average of 0.26 for the 4-site models (an ideal V(Y) value is 1).
A 5-sitemodel failed to converge for each set of titration data, indicating
insufficient experimental data to constrain parameters for 5 site types.
Fig. 2 shows a representative titration for G. sulfurreducens with the
corresponding best fit 4-site model. The model yields an excellent fit
to the observed buffering behavior across the pH range of the study.
G. sulfurreducens has similar site concentrations and pKa values to
B. subtilis and S. oneidensis MR-1 (Table 1), though G. sulfurreducens
has the lowest concentration of total surface sites of the three species.
-1.0E-04

-5.0E-05

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

2 4 6 8 10

(C
a 

-C
b)

 / 
m

b

pH

Fig. 2. Best fit 4-site model results (smooth curve) for one representative potentiometric
titration of G. sulfurreducens (data points).
The presented site concentrations and pKa values in Table 1 represent
the averages of the 4 individual forward titration model results, and
are used as a basis for our Hg adsorption modeling.

3.2. Adsorption experiments

In the absence of chloride, the adsorption behavior as a function of
pH is more complex than has been observed for other metal cations
(e.g., Fein et al., 1997, 2001), with the extent of adsorption increasing
frompH 2 to 4, and in general decreasing from 4 to 9 (Fig. 3). The extent
of Hg adsorption that we observed is notable. In the chloride-free
experiments, B. subtilis, S. oneidensis MR-1, and G. sulfurreducens
adsorbed a maximum of approximately 2.0 × 10−4, 3.0 × 10−4, and
3.5 × 10−4 mol Hg per g (wet mass) of bacteria, respectively. In sim-
ilar Hg adsorption experiments involving B. subtilis but conducted
under much lower Hg loading conditions, Daughney et al. (2002) mea-
sured a maximum of only approximately 5.0 × 10−6 mol Hg per g (wet
mass). Clearly, these bacteria exhibit amuchhigher capacity for Hg than
was probed by the Daughney et al. (2002) experiments.

In the presence of chloride, the pH dependence of Hg adsorption that
we observed differs dramatically from the typical behavior observed
with metal cations, even though the dominant aqueous Hg species are
neutral or negatively charged. There is only a small extent of adsorption
below pH 4, with adsorption increasing slightly from pH 2 to 4; the
extent of adsorption increases more markedly with increasing pH
between approximately pH 4 and 8, and the extent of adsorption
decreases slightly with increasing pH above pH 8. The addition of
chloride to the experimental system significantly decreases the extent
of Hg adsorption onto the bacteria under low pH conditions relative to
the chloride-free system, and does not markedly affect the extent of
Hg adsorption above pH 6 (Fig. 4).

In general, the bacterial species tested exhibit broadly similar bulk
adsorption behaviors in the absence and presence of chloride, although
there are some differences. In the chloride-free system, although exper-
imental uncertainties are relatively high, in the mid-pH range tested,
G. sulfurreducens removes more Hg from solution than S. oneidensis
MR-1 which removes more than B. subtilis; the differences between
species are less under lower and higher pH conditions. In the chloride
systems, B. subtilis and G. sulfurreducens remove nearly identical
amounts of Hg from solution, but above pH 4, S. oneidensis removes
more Hg than the other two species.

3.3. XANES and EXAFS results

To probe the effect of chloride on Hg binding mechanisms with
bacterial biomass, we examined Hg–biomass binding at pH 5.5 and 8.0
as a function of Hg concentration (log molalities of Hg of −5.00, −4.60,
and −4.13) in the presence and absence of chloride (log molality of
−3.00) using Hg LIII edge XANES and EXAFS. Fig. 5 shows a comparison
between Hg XANES for Hg bound to the S. oneidensis MR-1 biomass
as a function of Hg concentration in the presence and absence of
chloride for both pH conditions. For comparison, XANES data for
the Hg-chloride, -cysteine, and -acetate standards are also shown
in Fig. 5. Hg-chloride and Hg-acetate standards have larger pre-
edge features (~12,285 eV) relative to the Hg-cysteine standard
(Fig. 5). Therefore, the pre-edge feature of the Hg XANES data serves
as a qualitative fingerprinting approach to distinguish sulfhydryl
binding from carboxyl and chloride binding environments.

Hg XANES data for the biomass samples show the smallest pre-edge
feature for the sample with a log molality of Hg of −5.00, followed by
the samples with Hg log molalities of −4.60 and −4.13, regardless of
pH and concentration of chloride. Comparison with the standards sug-
gests that Hg is primarily complexed with thiol groups on the bacterial
biomass at the lowest Hg concentration, both in the presence and
absence of chloride. Spectral features supporting this conclusion include
the small pre-edge peak and the dip at 12,300 eV, similar to those



Table 1
Site concentrations and pKa values used for SCMs.

Bacteria Site 1 Site 2 Site 3 Site 4 [Sites]total

Site concentrations (mol sites/g bacteria)
B. subtilisa 8.1 ± 1.6 × 10−5 1.1 ± 0.36 × 10−4 4.4 ± 1.3 × 10−5 7.4 ± 2.1 × 10−5 3.1 × 10−4

S. oneidensisb 8.9 ± 2.6 × 10−5 1.3 ± 0.20 × 10−4 5.9 ± 3.3 × 10−5 1.1 ± 0.60 × 10−4 3.9 × 10−4

G. sulfurreducens 8.4 ± 0.66 × 10−5 9.1 ± 0.41 × 10−5 4.1 ± 0.24 × 10−5 3.4 ± 0.63 × 10−5 2.5 × 10−4

pKa
B. subtilisa −3.3 ± 0.2 −4.8 ± 0.1 −6.8 ± 0.3 −9.1 ± 0.2
S. oneidensisb −3.3 ± 0.2 −4.8 ± 0.2 −6.7 ± 0.4 −9.4 ± 0.5
G. sulfurreducens −3.4 ± 0.1 −4.8 ± 0.1 −6.5 ± 0.2 −8.8 ± 0.3

Reported uncertainties are 1σ errors.
a Fein et al. (2005).
b Mishra et al. (2010).
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present in the Hg-cysteine data (Fig. 5). Sulfhydryl binding of Hg with
the bacterial biomass at low Hg concentrations is consistent with a
previous study, which showed Hg binding with sulfhydryl groups on
B. subtilis cell envelopes under similar experimental conditions
(Mishra et al., 2011). The Hg–biomass data at a Hg log molality of
−4.13 exhibit a larger pre-edge peak both in the presence and absence
of chloride at both pH 5.5 and 8.0, similar to the Hg-acetate and Hg-
chloride XANES standards. This result suggests that at the highest Hg
concentration studied, Hg is bound: 1) predominantly with the lower-
affinity carboxyl groups present in the biomass, 2) with chloride ligands,
or 3) a combination of carboxyl and chloride ligands. The biomass sam-
ple with log molality of Hg of −4.60 exhibits a XANES pattern that is
most similar to the Hg-cysteine standard, suggesting that Hg predomi-
nantly binds to the sulfhydryl groups on the cell envelope; however, it is
possible that a small fraction of Hg is also bound to the lower-affinity
carboxyl and/or chloride groups. It is important to note that XANES
spectra of Hgwhich reacted S. oneidensisMR-1 biomass in the presence
and absence of chloride at pH 5.5 and 8.0 are similar at lower Hg con-
centrations (Hg log molalities of −5.00 and −4.60), confirming that
the binding mechanism of Hg with S. oneidensis MR-1 biomass does
not change significantly in the presence of chloridewhenHgbinds pref-
erentially with high-affinity thiol sites. XANES data of the chloride-free
system are also similar to the chloride-bearing system for the sample
with the highest Hg concentration at pH 5.5; however, the same sam-
ples under pH 8.0 conditions exhibit a spectral mismatch. The spectral
mismatch between the chloride-bearing and chloride-free systems is
better exhibited in the Fourier Transformed (FT) EXAFS data (Fig. 6).

While Hg XANES is an excellent tool for distinguishing sulfhydryl
binding from carboxyl and chloride binding of Hg, Hg EXAFS can
effectively distinguish between carboxyl and chloride binding. Because
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Fig. 3. Hg adsorption onto bacterial species normalized per gram of bacteria. The initial
molality of Hg in the adsorption experiments is 7.41 × 10−5.
chloride causes more backscatter than oxygen, Hg-chloride systems
are expected to have higher FT amplitudes concomitant with a larger
bond distance than Hg-carboxyl systems. EXAFS FT magnitude and
expanded real part data for the Hg–biomass samples as a function of
Hg concentration, pH, and chloride concentration are shown in Fig. 6.
Comparing the Hg XANES and EXAFS FT amplitude and peak positions
of the Hg–biomass samples to those of the Hg standards, the results
indicate that sulfhydryl binding dominates in the samples with Hg log
molality of −5.00; that sulfhydryl binding predominantly accounts for
Hg binding in the samples with Hg log molality of −4.60; and that
carboxyl binding dominates in the sampleswith the highest Hg concen-
tration. The lower bond distances and smaller amplitudes in the
samples with Hg log molality of −4.60 relative to the Hg-cysteine and
Hg-chloride standards, and the higher bond lengths and larger ampli-
tudes relative to the Hg-acetate standard, provides evidence for this
conclusion. For example, the EXAFS FT amplitude and bond length for
the samples with the highest Hg concentration at pH 5.5 are similar to
the Hg-acetate standard both in the presence and absence of chloride,
which is consistent with the Hg XANES results described above. It is ev-
ident in Fig. 6 that theHgEXAFSdata are similar for all conditions except
for the samples with the highest Hg concentration at pH 8.0. For sam-
ples with the highest Hg concentration at pH 8.0, the EXAFS FT data in
the presence of chloride exhibit higher amplitudes and a small shift
toward higher bond distances in the first peak position compared to
the sample in the absence of chloride, providing evidence for the
complexation of Hg with chloride and/or carboxyl groups on the cell
envelopes. The similarities between the coordination environments
for each Hg–biomass sample in the absence and presence of chloride
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Fig. 4. Hg adsorption onto bacterial species, normalized per gram of bacteria, in the
presence of chloride. The solid black curve represents the model fit for B. subtilis,
the dashed black line represents the model fit for S. oneidensis, and the solid gray line
represents the model fit for G. sulfurreducens. The initial molality of Hg in the adsorption
experiments is 7.41 × 10−5 and the initial molality of Cl is 1.00 × 10−3.



Fig. 5. Hg LIII edge XANES spectra for Hg bound to (from top to bottom) chloride only,
acetate only, cysteine only, and S. oneidensis MR-1 in the absence (gray curves) and
presence (black curves) of chloride (log molality of −3.00) in various combinations of
Hg concentrations (reported as log molality) and pH conditions, as noted on the figure.
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at the lowest Hg concentrations, as well as the differences between the
Hg–biomass samples in the absence and presence of chloride at the
highest Hg concentration at pH 8.0, can also be seen in the k2χ(k)
EXAFS data (Fig. S1).

Considered together, the Hg XANES and EXAFS results indicate that
Hg binds predominantly to the high-affinity thiol sites followed by the
lower-affinity carboxyl sites within bacterial cell envelopes in the pres-
ence and absence of chloride at low Hg concentrations regardless of the
pH.However, Hg bindingmechanismswith bacterial biomass are affect-
ed by the presence of chloride at pH 8.0, when Hg is primarily bound to
the biomass by lower-affinity carboxyl functional groups.
Fig. 6. Comparison of Hg LIII edge EXAFS Fourier Transform (FT) (a) magnitude and
(b) expanded real part data for Hg binding to (top to bottom) chloride only, acetate
only, cysteine only, and S. oneidensisMR-1 in the absence (gray curves) and presence
(black curves) of chloride (log molality of −3.00) in various combinations of Hg
concentrations (reported as log molality) and pH conditions, as noted on the figure.
3.4. Thermodynamic modeling

The effects of pH and chloride on the adsorption of Hg onto the
bacteria studied here likely reflect both changes to the speciation of
the cell envelope functional groups and changes in the aqueous Hg
speciation that accompany the pH and chloride concentration changes.
In order to determine the dominant adsorption reactions, it is crucial to
define the speciation of Hg in solution. AqueousHg speciation diagrams,
calculated for the experimental conditions using the aqueous com-
plexation reactions and stability constants listed in Table S1, are
depicted in Fig. 7.

In the chloride-free system, the extent of Hg adsorption that we
observed is greater under all pH conditions than any of the individual
binding site concentrations, meaning that under all conditions multiple
site typesmust be responsible for the observed adsorption. For example,
approximately 1.0 × 10−4 mol of Hg are adsorbed per gram of B. subtilis
at pH 2 (Fig. 3), which represents a total concentration of adsorbed Hg
of 2.1 × 10−5 M. However, the total concentration of Site 1, which
deprotonates at the lowest pH of the 4 potential binding site types, is
only 1.6 × 10−5 M. At pH 4.5, B. subtilis exhibits a maximum extent of
Hg adsorption with 4.3 × 10−5 M Hg adsorbed. The total concentration
of all four binding site concentrations is 6.2 × 10−5 M, again suggesting
that more than one type of site is involved in Hg binding. It is unusual to
observe such a high degree of site saturation by an adsorbingmetal, and
this behavior suggests that Hg–bacterial site stability constants are quite
high. However, because individual Hg-site binding could not be isolated
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under any of the experimental conditions, individual Hg-site stability
constants could not be determined in the chloride-free system.

In the chloride system, we observed a stronger pH dependence for
the Hg adsorption, and under low pH conditions the extent of adsorp-
tion is less than the concentration of any individual binding site type.
Because Hg-chloride species dominate in the chloride experiments,
and because chloride-free bacterial species are unlikely to be important
under those conditions, the lack of stability constants for the chloride-
free system does not hinder our ability to model the chloride system.
The dramatic effect of chloride on the adsorption behavior is paralleled
by the drastic change in aqueous Hg speciation with the addition of
chloride (Fig. 7b). Under the conditions of our experiments and below
pH 6, HgCl20 is the dominant Hg species; however, under those pH
conditions little-to-no Hg adsorption is observed, suggesting that
HgCl20 does not adsorb to bacterial functional groups strongly (Kim
et al., 2004). We tested a range of models involving deprotonated sites
only due to the absence of adsorption in our experiments under the
low pH conditions at which protonated sites dominate the cell wall spe-
ciation. Our general approach was to model the adsorption behavior
using the minimum number of adsorbed Hg species required. Because
more binding site types become deprotonated with increasing pH, we
modeled the low pH adsorption data first and determined whether
additional adsorbed Hg species were required in order to account for
the higher pH data.

Adsorption in the chloride systems increases with increasing pH
above pH 4, similar to the behavior of HgCl(OH)0. Daughney et al.
(2002) modeled Hg adsorption onto B. subtilis as HgCl20 and HgCl(OH)0

binding onto a protonated bacterial site in order to account for the
pH-independent adsorption that they observed under low pH condi-
tions. In our experiments, Hg adsorption increased slightly from pH 2
to 4 for each bacterial species, under conditionswhere HgCl20 dominates
the aqueous Hg speciation and R−A1

−1 increases in concentration due to
the deprotonation of this site over this pH range. However, our EXAFS
results indicate an absence of chloride in the binding environment
of Hg at pH 5.5, at least for the S. oneidensis MR-1 sample. For this
reason, we modeled the pH 2–4 data for each bacterial species with
the following reaction:

Hgþ2 þ R−A1
−1⇔R−A1−Hgþ: ð5Þ

In order to determine if an additional complex is required to account
for the observed Hg adsorption, we used the calculated value for the
equilibrium constant for Reaction (5) to predict the adsorption behavior
under higher pH conditions, assuming that only the R−A1–Hg+
0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

1 2 3 4 5 6 7 8 9 10 11

[H
g]

 a
ds

or
be

d 
(M

) 
/ g

 b
ac

te
ri

a

pH

Fig. 8.Comparison ofmodel fits (curves) to B. subtilis experimental data (solid squares) for
the adsorption ofHg according to Reaction(s): (5) only (short-dashed gray curve); (5) and
(6) (dotted black curve); (5), (6), and (7) (long-dashed gray curve); and (5) through
(8) (solid black curve).
complex controls the Hg adsorption behavior. For example, Fig. 8
depicts the fit of Reaction (5) to the data from the B. subtilis experi-
ments. The predicted Hg adsorption behavior using Reaction (5) fits
the experimental data well from pH 2 to 4 (the pH range used initially
to constrain the K value for this reaction), but dramatically under-
predicts the extent of adsorption that we observed at higher pH values.
This under-prediction represents a strong evidence for the presence of
an additional adsorbed Hg species or multiple species above pH 4.
Again, because EXAFS provides evidence for a lack of chloride in the
binding environment at pH 5.5, we concluded that Hg2+ is the
dominant adsorbing Hg species. Therefore, in order to constrain the
data between pH 4 and 5.5, we added the following reaction:

Hgþ2 þ R−A2
−1⇔R−A2−Hgþ ð6Þ

and used the pH 2–6 data from the B. subtilis experiments to simulta-
neously solve for K values for Reactions (5) and (6). Again, we use
these calculated K values to predict the adsorption behavior above pH
6 (Fig. 8), and find that as expected Reactions (5) and (6) provide an ex-
cellent fit to the data up to pH 5.5. The concentrations of sites R−A1 and
R−A2 limit the predicted extent of adsorption, which plateaus
significantly below the observed extent of Hg adsorption. Following
the same modeling approach, we determined that the observed Hg
adsorption data from the B. subtilis experiments require an additional
Hg–bacterial surface complex to account for the pH dependence across
the pH range studied. Above pH 5.5, the EXAFS results indicate the
presence of chloride in the binding environment of Hg, consistent
with adsorption of HgCl(OH)0, which is the dominant Hg species in
solution between pH 6 and 7 (Fig. 7b), represented by the following
adsorption reaction:

HgCl OHð Þ0 þ R−A3
−1⇔R−A3−HgCl OHð Þ−1

: ð7Þ

We solved for K values for Reactions (5)–(7) simultaneously with
the entire dataset from the B. subtilis experiments, and the resulting
model still under-predicts the observed extent of Hg adsorption at
higher pH than those considered in the calculations to this point.
Under the highest pH conditions of the experiments, Hg(OH)20 becomes
the dominant Hg species in solution, so in addition to Reactions (5)–(7),
we tested models involving the adsorption of Hg(OH)20 onto each
individual deprotonated site, simultaneously solving for K values for
Reactions (5), (6) and (7), as well as for the surface complex involving
Hg(OH)2. The only model that converged involved Hg(OH)2 adsorption
onto deprotonated R−A2. Thus, the following reactionwas added to our
model:

Hg OHð Þ02 þ R−A2
−1⇔R−A2−Hg OHð Þ−1

2 : ð8Þ

We solved for K values for Reactions (5)–(8) simultaneously with
the entire dataset from the B. subtilis experiments, and the resulting
model yields an excellent fit to the data across the pH range studied
(Fig. 8). Substituting adsorption of HgCl(OH)0 onto another site other
than site 3 in place of Reaction (8) could not account for the observed
adsorption behavior. Similar modeling exercises were applied to the
G. sulfurreducens and the S. oneidensis datasets (Figs. S2 and S3), and
Table 2
Calculated stability constants (log K) for Hg adsorption onto bacteria.

Bacteria Rxn (5) Rxn (6) Rxn (7) Rxn (8) Rxn (9)

B. subtilis 11.2 ± 0.2 11.8 ± 0.2 5.4 ± 0.3 6.7 ± 0.4 –

S. oneidensis 11.3 ± 0.3 12.3 ± 0.3 7.1 ± 0.2 5.0 ± 0.4 8.1 ± 0.5
G. sulfurreducens 11.3 ± 0.2 10.9 ± 0.3 6.7 ± 0.4 5.5 ± 0.3 7.7 ± 0.4

Reported uncertainties were determined by varying each average K value individually
to create an adsorption envelope that encompasses 95% of the data within the pH range
of influence.
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the calculated K values from each of the three datasets are listed
in Table 2.

For the G. sulfurreducens and S. oneidensis MR-1 models, the results
are similar to the B. subtilis model, with Hg2+ adsorbing to R−A1

−1

and R−A2
−1, Hg(OH)20 adsorbing to R−A2

−1, and HgCl(OH)0 adsorbing
to R− A3

−1. However, the G. sulfurreducens and S. oneidensis MR-1
data also require an additional high-pH Hg–bacterial species, and the
data are best-fit with the inclusion of the following reaction:

HgCl OHð Þ0 þ R−A4
−1⇔R−A4−HgCl OHð Þ−1

: ð9Þ

The thermodynamic modeling results suggest that there is some
variance between stability constants for each bacterial species. The sta-
bility constants for Reactions (5) and (9) do not vary between the
bacterial species studied within experimental uncertainty, however
the stability constants for Reactions (6), (7), and (8) exhibit significant
variation between the species. Some of this variation certainly reflects
real differences between the bacterial species. However, the differences
between the K values for G. sulfurreducens and B. subtilis, which exhibit
similar extents of adsorption and similar site concentrations and pKa
values, may reflect the fairly large experimental uncertainty associated
with the G. sulfurreducens data.

Though our study is similar to that of Daughney et al. (2002), both
our observedHgadsorption behaviors and themodels thatwe use to ac-
count for that adsorption differ from those of theDaughney et al. (2002)
study in some ways. Daughney et al. (2002) observed significant
and relatively pH-independent adsorption below pH 4–5 and above
pH 7–8, and modeled that behavior by invoking HgCl20 and HgCl(OH)0

onto protonated sites. We used the reactions and calculated stability
constants from Daughney et al. (2002) to predict the extent of adsorp-
tion under our experimental conditions. The resulting predicted extents
of adsorption (not shown) are inconsistent with our measurements,
yielding pH independent adsorption across the pH range of our study
at a level that indicates complete saturation of bacterial binding sites
under all pH conditions. This result is likely due to an inconsistency
between the Daughney et al. (2002) K values and their reported
reaction stoichiometries, and for this reason our reported model will
likely yield more accurate predictions of Hg binding behavior in a
wide range of geologic and engineered systems.

4. Conclusions

In this study,wedocument extensive adsorption onto three different
bacterial envelopes in both chloride-free and chloride-bearing systems.
The experimental results demonstrate that Hg adsorption to bacterial
species is dependent upon pH, chloride concentration, and bacterial
surface site speciation. In the absence of a competitive ligand, such as
chloride, Hg adsorption to bacterial cells does not exhibit typical metal
cation adsorption behavior. Additionally, the extent of Hg adsorption
onto surface sites in the absence of a ligand is extensive, with the
concentration of adsorbed Hg exceeding the concentration of any indi-
vidual site type under all of the pH conditions tested. In the presence
of chloride, the behavior of Hg adsorption changes dramatically, with
increasing adsorption as pH increases likely due to the relatively weak
interaction of aqueous Hg complexes with bacterial binding sites. Ther-
modynamic modeling results suggest that the adsorption of Hg2+,
HgCl(OH)0 and Hg(OH)2 onto bacterial surface sites are the dominant
adsorption reactions under the conditions studied, with log stability
constant values ranging from −5.0 to 12.3. Our XAS results show that
Hg binding to bacterial sites corresponds to sulfhydryl groups at low
Hg concentrations (log molality of Hg of −5.00 and −4.60) in the
presence and absence of chloride, regardless of the pH. However, the
presence of chloride affects the Hg binding environment at high Hg
concentrations (log molality of Hg of −4.13), when Hg is bound
to lower-affinity carboxyl groups, and at high pH values. These
results can be used to better understand the thermodynamics of
Hg–Cl-bacterial interactions under natural geologic conditions,
such as in chloride-rich seawater and bacteria-laden groundwater,
and the results suggest that bacteria are likely to compete effectively
with a range of other ligands present in geologic environments to
control Hg distribution and speciation.
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