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EXPERIMENTAL STUDIES OF ADSORPTION IN BACTERIA-WATER-ROCK
SYSTEMS: IMPLICATIONS FOR HEAVY METAL TRANSPORT IN THE

SUBSURFACE

Abstract
by

Nathan Yee

Bacteria are ubiquitous in near-surface geologic environments, and
bacteria cell walls display a high affinity for metal cations. The adsorption of
metals onto bacterial surfaces can affect heavy metal contaminant transport and
the effectiveness of bioremediation techniques. Quantitative prediction of the
effects of bacterial adsorption on metal mobility requires an accurate knowledge
of metal-bacteria and bacteria-mineral interactions. However, the effects of
bacterial adsorption on metal transport are poorly understood, and with our
current knowledge it is impossible to quantitatively assess the magnitude which
bacteria can enhance or retard the mobility of metal contaminants.

The research presented in this dissertation thesis quantitatively describes
the effects of bacterial adsorption on metal distribution and transport. Proton and
Cd adsorption onto bacteria surfaces is studied for a range of gram- positive and

gram-negative bacterial species. The experimental results indicate that a wide



Nathan Yee
range of bacterial species adsorb nearly identical amounts of Cd as a function of
pH. Metal adsorption experiments are also conducted with complex bacteria
mixtures as functions of pH and bacteria:metal ratio. The adsorption behavior of
bacteria mixtures is similar to that of a single bacterial species, and the extent of
adsorption can be quantified using a surface complexation model.

Bacterial adsorption onto the mineral surface of corundum is studied as a
function of time, pH, ionic strength and bacteria:mineral mass ratio. The data
demonstrate that the adsorption of bacteria onto a mineral surface is a completely
reversible process, and that the adsorption behavior is governed by the chemical
speciation of the bacterial and mineral surfaces. Column and batch experiments
are performed with ternary metal-bacteria-mineral systems. The results indicate
that a surface complexation model can be applied to successfully quantify the
distribution of Cd between the aqueous phase and the bacterial and mineral
surfaces, and the model can be used to estimate the distribution of mass in
systems not directly studied in the laboratory.

The experimental results underscore the need for a flexible modeling
approach to quantify bacterial adsorption reactions. The surface complexation
model is proposed as a quantitative means to account for the complex adsorption

chemistry in bacteria-water-rock systems.
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CHAPTER 1

INTRODUCTION

Heavy metal contamination of groundwater is a widespread and
significant environmental problem. According to the Committee for the National
Institute for the Environment, approximately 64% of Superfund sites on the
United States National Priorities List are polluted with heavy metals (Reisch and
Beardon, 1997). Because heavy metals are highly toxic even at very low
concentrations, it is critical to understand the factors which control the mobility,
transport and fate of heavy metal contaminants in the environment.

The distribution and concentration of metals in groundwater systems is
strongly influenced by chemical interactions between the contaminant and the
subsurface geologic matrix. In many cases, adsorption is the most significant
chemical process affecting the mobility of metals in water-rock systems. In order
to quantitatively assess the role of adsorption on metal mobility, accurate models
are required to describe the adsorption reactions between the contaminant and the

geologic components in the subsurface. Nearly all existing hydrogeological



transport codes employ distribution coefficients (K4) to predict metal partitioning
between the groundwater and sediment. The K4 approach assumes a two-phase
system in which contaminants partition between a mobile aqueous phase and an
immobile solid phase. However, numerous studies have proven that the K4 model
is inconsistent with laboratory and field observations (e.g., Tuin and Tels 1990;
Brusseau 1994; Carriere et al. 1995; Reed et al. 1995; Kohler et al. 1996), and
therefore cannot be used to accurately predict metal partitioning in porous media
(Bethke and Brady, 2000; Koretsky, 2000).

McCarthy and Zachara (1989) call attention to the potentially critical, but
poorly understood, role of colloid adsorption in affecting contaminant mobility.
Solid phase colloids can be mobile in subsurface environments, thereby
contradicting the fundamental assumption formulated by the K4 approach.
Because colloids can potentially adsorb heavy metal contaminants, they can act as
a third phase that increases the amount of contaminant transported via
groundwater flow.

Bacteria are ubiquitous in groundwater and soil environments, and
represent an important colloidal phase found in natural systems. Reports in the
literature have cited bacteria concentrations ranging from 10°-10° cells/mL of
fluid in pristine groundwater aquifers (Ghiorse and Wilson, 1988), and 10’-10'°
cells/gram of solid in typical soil environments (Alexander, 1977). Aqueous metal
cations, including many heavy metal contaminants (Tornabene and Edwards,
1972; Harvey and Leckie, 1985; Gongalves et al., 1987; Fein et al., 1997) and

radionuclides (Pons and Fuste, 1993; Macaskie and Basnakova, 1998; Fowle et



al., 2000), display a high affinity for bacterial surfaces. Therefore, it is likely that
the mobility of aqueous metal contaminants in groundwater systems is closely
tied to that of the bacteria. Under certain conditions, bacteria are mobile in the
subsurface, as has been observed by both laboratory and field studies (e.g. Allen
and Morrison, 1973; McDowell-Boyer et al., 1986; Harvey et al., 1989; Gannon
et al., 1991; Bengtsson and Lindqvist, 1995; Johnson and Logan, 1996). Under
other conditions, bacteria are immobile due to bacteria attachment onto mineral
surfaces and/or bacteria straining by the rock matrix. If bacteria are mobile, then
the transport of metal contaminant adsorbed onto bacteria cell walls can
potentially be facilitated. Conversely, if bacteria are immobile, then bacteria-
metal adsorption can potentially enhance retardation. However, the effects of
bacterial adsorption on metal transport are poorly understood, and with our
current knowledge it is impossible to quantitatively assess the magnitude which
bacterial adsorption can enhance or retard the migration of metal contaminants.
The effect of bacterial adsorption on metal transport is controlled by the
affinity of the metal to adsorb onto bacteria surfaces, and by the affinity of the
bacteria cells to adsorb onto, or be immobilized by, the rock matrix. Bulk
partitioning models, such as Langmuir or Freundlich isotherms, are commonly
used to quantify metal-bacteria adsorption (e.g., Harvey and Leckie, 1985; Mullen
et al., 1989; McLean et al., 1990; Pons and Fuste, 1993; Ledin et al., 1996; He
and Tebo, 1998), bacteria-mineral adsorption (e.g., Walker et al., 1989; Ohmura
et al., 1993; Mills et al., 1994), and metal adsorption in multi-sorbent systems

(e.g., Turner et al., 1992; Ledin et al., 1999; Small et al., 1999). Partitioning



models are relatively simple to apply to complex systems because they do not
require a detailed understanding of the surface or adsorption mechanisms
involved. However, because Langmuir and Freundlich adsorption models do net
explicitly account for surface or aqueous speciation, metal binding constants and
model parameter values can vary by several orders of magnitude as a function of
solution and system compositions (Bethke and Brady, 2000; Koretsky, 2000).
Bulk partitioning models are calibrated empirically, therefore, partitioning
parameters are only valid at the specific conditions for which they were
determined, and cannot be generalized to other settings.

Surface complexation modeling can be used to estimate the amount of
metal adsorbed onto geologic surfaces, including mineral (Davis and Kent, 1990)
and bacteria surfaces (Plette et al., 1995; Plette et al., 1996; Fein et al., 1997,
Daughney et al., 1998; Cox et al., 1999; Pagnaneili et al., 2000). Surface
complexation modeling is a thermodynamic approach that applies the formalism
of aqueous ion association reactions to solute adsorption reactions with surfaces.
The stability constants for the adsorption reactions are included as part of an
overall network of chemical reactions, allowing for predictive calculations over a
wide range of geochemical conditions. The equilibrium constants which describe
the extent of adsorption in surface complexation models are invariant with respect
to most of the parameters which affect partition coefficients. Therefore, the
equilibrium constants determined in systems that isolate specific adsorption
reactions, can be used to model complex systems by combining these results into

a computational model.



The focus of this dissertation is to test if the surface complexation model
can be applied to quantify the adsorption reactions in metal+bacteria+mineral
systems. Chapter 2 of this thesis examines proton and Cd adsorption onto a wide
range of different bacteria species. In a recent studies by Daughney et al. (1998)
and Small et al. (1999), different bacteria species have been shown to adsorb
nearly identical amounts of metal over a range of pH conditions under fixed metal
and bacteria concentrations. Daughney et al. (1998) demonstrated that
thermodynamic properties of adsorption between the bacteria species B. subtilis
and B. licheniformis can be correlated. However, with our current understanding,
it is unknown whether or not this correlation can be extended to a wider range of
bacteria types. In this study, potentiometric titrations and Cd adsorption
experiments are conducted with pure cultures of the gram-positive bacteria
Bacillus  megaturium,  Streptococcus  faecalis, Staphylococcus  aureus,
Sporosarcina ureae, and Bacillus cereus, and gram-negative bacteria Escherichia
coli and Pseudomonas aeruginosa. The objectives of this study are: 1) to
determine stability constants for the proton- and Cd-bacteria adsorption reactions
for each bacteria species of interest, and 2) to correlate the Cd adsorption behavior
between a wide range of different bacteria species.

Chapter 3 investigates weather the surface complexation model can be
extended to quantify metal adsorption onto complex bacteria mixtures. In realistic
geologic systems, bacteria commonly form biofilms or microcolonies consisting
of complex assemblages of different bacteria species. In order to quantify metal

adsorption onto bacteria consortia using the surface complexation approach,



thermodynamic stability constants must be determined for each metal and each
bacteria species of interest. Since there are countless species of bacteria found in
nature, it would be a Herculean task to determine metal binding constants for
every bacteria type. The goal of this research is to test if the metal-bacteria
adsorption correlation described in Chapter 2 can be used to model metal
adsorption onto bacteria consortia. Metal adsorption experiments are conducted to
measure Cd, Zn, Sr, and Co adsorption onto mixtures of gram-positive and gram-
negative bacteria, and mixtures containing both bacteria types.

In order to quantify the effect of bacteria in heavy metal transport, the
mobility of bacteria must also be considered. Bacteria adsorption onto mineral
surfaces is studied in Chapter 4. The physicochemical attachment of bacteria cells
onto mineral surfaces plays an important role in determining the distribution of
bacteria between the mobile aqueous phase and the immobile solid phase (van
Loosdrecht et al., 1989; Scholl et al., 1990; Scholl and Harvey, 1992; Mills et al.,
1994; Walker et al., 1989). Several models have been proposed to quantify this
initial adsorption phenomena, such as the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (van Loosdrecht et al., 1989), surface free energy
thermodynamics (Reddy et al., 1993) and adsorption isotherms (Walker et al.,
1989; Ohmura et al.,, 1993; Mills et al., 1994). However, DLVO theory and
surface free energy thermodynamics are theoretical models which cannot be
directly applied to predict the distribution of bacteria between groundwater and

sediment. Adsorption isotherms can be used to determine partition coefficients,



but this approach is empirical, and hence adsorption isotherms must be measured
for each condition of interest.

Here, bacteria-mineral adsorption experiments are conducted to determine
if a chemical equilibrium surface complexation model can be used to describe the
adsorption of the bacteria species B. subtilis onto the mineral corundum (-
Al;Os). The adsorption experiments are performed as a function of time, pH, ionic
strength and bacteria:mineral mass ratio. The objectives of this work are: 1) to
determine if the adsorption of bacteria onto mineral surfaces is reversible and
hence can be modeled using chemical equilibrium thermodynamics, and 2) to
determine the reaction stoichiometry and equilibrium constants for the adsorption
of B. subtilis onto corundum surface sites.

Chapter S of this thesis investigates the effects of bacteria on metal
transport through mineral-filled columns, and how this effect varies with pH and
mineralogy. Previous studies have shown that the presence of bacteria in soil
suspensions can significantly affect metal mobility (Chanmugathas and Bollag,
1987a; Chanmugathas and Bollag, 1987b; Chanmugathas and Bollag, 1988).
However, the mobilization mechanisms are poorly understood, and it is unclear if
metal adsorption onto bacteria surfaces plays an important role. In this study,
laboratory experiments are conducted to isolate and examine the role of bacteria
adsorption in metal transport. Column experiments are performed to measure
Bacillus subtilis and aqueous Cd transport through quartz and Fe-coated quartz
columns as a function of pH, using a separation technique to determine the

absolute concentrations of aqueous and bacterialy-bound Cd in the effluent. Batch



adsorption experiments with aqueous Cd, B. subtilis, and quanz are also
performed to test whether a surface complexation modeling approach can be used
to account for metal adsorption in ternary metal-bacteria-mineral systems. These
experiments are used as a rigorous test and extension of the surface complexation
approach to more realistic geologic systems than have been previously studied.
Quantifying metal-bacteria-mineral adsorption reactions is a crucial step
toward predicting when enhanced transport or retardation of metal contaminants
due to bacteria adsorption will occur, and how sizeable an effect will ensue in
either case. Current models that describe metal-bacteria-mineral adsorption are
largely empirical, and cannot be extrapolated to conditions beyond those tested in
the laboratory. Accurate predictions of the effects of bacteria adsorption on metal
mobility require flexible adsorption models that can be applied to a wide range of
geochemical conditions. The objective of this thesis is to test if the surface
complexation model can be employed to quantify the effects of bacteria
adsorption on heavy metal transport. The results of this research represent an
important step towards the application of the surface complexation model to

realistic bacteria-bearing geologic systems.
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CHAPTER 2

Cd ADSORPTION ONTO BACTERIAL SURFACES:
A UNIVERSAL ADSORPTION EDGE?

Introduction

Bacteria are present in a wide range of geologic and aquatic environments
(Barns and Nierzwicki-Bauer, 1997). The adsorption of aqueous metal cations
onto bacterial surfaces can affect the global cycling of elements (Tornabene and
Edwards, 1972), biomineralization (Beveridge, 1989; Konhauser et al.,.1993;
Warren and Ferris, 1998), heavy metal contaminant mobility in soil and
groundwater systems (Chanmugathas and Bollag, 1987, McCarthy and Zachara,
1989; Corapcioglu and Kim, 1995), and the effectiveness of bioremediation
techniques (Pons and Fuste, 1993; Macaskie and Basnakova, 1998). Although
numerous studies have investigated metal adsorption onto bacterial cell walls,
most previous work has been either qualitative or empirical. Quantitative
modeling of bacteria-metal adsorption reactions has been largely limited to bulk
partitioning models that do not enable extrapolation of experimental results to
conditions not studied in the laboratory (e.g. Beveridge and Murray, 1976; Harvey

and Leckie, 1985; Mullen et al.,1989; Walker et al., 1989).
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Recently, site-specific surface complexation models have been proposed
to describe metal adsorption onto bacterial surfaces (Plette et al., 1995; Plette et
al., 1996; Fein et al. 1997; Daughney et al., 1998; Cox et al., 1999; Pagnanelli et
al. 2000). Surface complexation modeling is a thermodynamic approach that
applies the formalism of aqueous ion association reactions to solute adsorption
reactions with surfaces. The stability constants for the adsorption reactions are
included as part of an overall network of chemical reactions, allowing for
predictive calculations over a wide range of geochemical conditions. Surface
complexation modeling has been shown to successfully describe competitive
metal adsorption onto bacterial surfaces over a wide range of pH and ionic
strength conditions, and solute:sorbent ratios (Fein et al., 1997; Daughney and
Fein, 1998; Fowle and Fein, 1999). However, in order to apply this model to
natural systems, thermodynamic stability constants must be determined for each
metal and each bacterial species of interest. Since it is impossible to study the
metal adsorption behavior of every species of bacteria found in nature, it is
important to identify relationships that enable extrapolation of laboratory findings
to bacterial species that have not been studied directly.

In a recent study, Small et al. (1999) demonstrated that the Gram-negative
bacteria Shewanella alga and Shewanella putrefaciens adsorb nearly identical
amounts of Sr?* over a range of pH conditions, and that the two bacterial species
display nearly identical adsorption edges. Similarly, the work by Daughney et al.
(1998) demonstrated that the gram-positive bacteria B. subtilis and B.
licheniformis adsorb nearly identical amounts of metal as a function of pH, and

that the thermodynamic properties between the two bacterial species can be
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correlated. However, with our current knowledge, it is unclear whether or not this
correlation can be extended to a wider range of bacterial types.

In this investigation, we conduct potentiometric titrations and Cd-bacteria
adsorption experiments using the gram-negative bacteria Escherichia coli and
Pseudomonas aeruginosa, and the gram-positive bacteria Bacillus megaturium,
Streptococcus faecalis, Staphylococcus aureus, Sporosarcina ureae, and Bacillus
cereus. The objectives of this study are: 1) to quantify the proton- and Cd-bacteria
adsorption reactions for each bacterial species of interest; and 2) to correlate the

Cd adsorption behavior between a wide range of different bacterial species.

Cell Wall Surface Complexation Theory

Cell Wall Characteristics

Gram-positive bacterial cell walls contain a thick layer of peptidoglycan
external to the plasma membrane. Peptidoglycan contains two components: a
polymer of sugars (N-acetylglucosamine and N-acetylmuramic acid) and
crosslinks of short peptides 4-8 residues long. The polymers teichioic acid,
teichuronic acid, and lipoteichoic acid are also major components of the gram-
positive cell wall. Peptidoglycan and these cell wall acids are exposed to the
external aqueous solution and form the surface of the bacterial cell.

Gram-negative cell walls lack the thick peptidoglycan layer and contain a
second membrane (outer membrane) within the cellular envelope. The outer

membrane is a porous structure, rich in protein and lipopolysaccharide (LPS), and
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is highly permeable. A thin layer of peptidogylcan, as well as various enzymes
and structural proteins, are located in the periplasmic space beneath the outer
membrane. Except in unusual cases, teichioic acid, teichuronic acid, and
lipoteichoic acid are not found in gram-negative cell walls.

Sherbert (1978) showed that the anionic functional groups present in the
peptidogylcan, teichoic acids and teichuronic acids of gram-positive bacteria, and
the peptidogylcan, phospholipids, and LPS of gram-negative bacteria are the
components primary responsible for the anionic character and metal binding
ability of the cell wall. Extracellular polysaccharides (EPS) are also capable of
binding metals (McLean et al. 1990; Mclean et al. 1992). The presence and
abundance of EPS depends on the species of bacteria and on the growth
conditions. However, EPS can often be easily removed with simple mechanical

disruption (e.g. centrifugation) or chemical washing (e.g. acid rinse).

Surface Complexation Modeling
The organic functional groups on bacterial cell walls are proton-active.
The surface complexation approach of Fein et al. (1997) models the acidity of

these surface functional groups using the following equilibrium equation:

(1) RAHC & R-A + H'

where R denotes the bacterium to which each functional group type, A, is
attached. The distribution of protonated and deprotonated sites can be quantified

with the corresponding mass action equation:
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) K =[RA][H]

[R-AH’]
where [R-A’] and [R-AH’] represent the concentration of deprotonated and
protonated surface species, respectively, and [H+] represents the activity of
protons in solution. We use the notation pK|, to represent the negative logarithm of
the value of the equilibrium constant, K, for Reaction (1). The interactions

between aqueous metal cations and deprotonated surface sites can be described

with the reaction:

(3) M™ + R-A" & R-AMy™!"*

where M™" represents an aqueous metal cation. Metal partitioning between the
solid and aqueous phase is, therefore, quantified with the corresponding mass

action equation:

4) Kus = [R-AMS™1*]
[M™][R-A"]

The effect of the bacterial surface electric field on protonation and metal

adsorption reactions can be accounted for using the following equation (Stumm

and Morgan, 1996):

(3) Kapparem = Kinrinsic exp(-AZF'V/RT)
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where F and R are Faraday’s constant and the gas constant, respectively, T is
absolute temperature, K insic represents the equilibrium constant referenced to
zero surface charge, AZ is the change in the charge of the surface species in the
reaction of interest, and ¥ is the electric field potential associated with the
bacterial surface. In this study, we use a constant capacitance model to quantify
the electrostatic surface effects of the bacterial cell wall (Fein et al., 1997,
Daughney and Fein, 1998). Our previous work, summarized by Fein (2000),
demonstrates that both proton and metal cation adsorption reactions are rapid and
fully reversible (Daughney et al., 1998; Daughney and Fein, 1998; Fowle and
Fein, 2000; Fowle et al., 2000), and that a surface complexation approach can
account for effects of pH, fluid composition, and metal competition on the
bacterial adsorption behavior (Fein et al., 1997; Daughney et al., 1998; Fowle and

Fein, 1999; Fein and Delea, 1999).

Material and Methods

Growth Conditions

The bacterial species tested in this study consist of both gram-positive and
gram-negative, aerobic heterotrophic bacteria. Bacterial cells were initially
cultured in 3 mL of trypticase soy broth with 0.5% yeast extract for 24 h at 32 °C,
then transferred to 1 L of broth and grown for another 24 h, also with 0.5% yeast
extract. The cells were removed from the nutrient medium by centrifugation,

rinsed in ultrapure (18 MQ) water two times, and soaked in 0.03 M HNO; for 1 h

22



to remove contaminant cations from the bacterial surface. The cells were then
rinsed two times in ultrapure water, and three times with 0.1 M NaNOs; (the
electrolyte used in the experiments). Previous work in this laboratory indicates
that the wash procedure does not significantly alter the cell wall structure nor does
it cause bacterial sporulation. We performed viability studies and inspected the
bacterial cells with scanning electron microscopy (SEM) after the acid wash. We
found that the bacteria cells are both viable and intact. However, we did not

determine if any of the species contained extracellular polysaccharides (EPS) after

the wash procedure.

Potentiometric Titrations

Potentiometric titrations were conducted for each bacterial species under a
N, atmosphere with 0.1 g (dry wt.) of bacteria in a 10 mL electrolyte solution
which was purged with N, for one hour. The NaNQO; electrolyte was made from
reagent grade commercially supplied chemicals, mixed into ultrapure de-ionized
water. The bacterial cells were titrated using an automated burette assembly with
aliquots of 1.00 N NaOH titrant added to solution after a stability of 0.1 mV/sec
was attained. Acid titrations were performed on select samples using 1.00 N
HNO;j to test the reversibility of the surface protonation reactions. The acid and
base titrants were commercially supplied volumetric standards.

The bactenial surface area and surface layer capacitances are assumed to
be identical to those used by Fein et al. (1997). Due to difficulties constraining the
reactive surface area (e.g., He and Tebo, 1998) for each bacteria species, the

concentration of bacteria used in our experiments is based upon weight. The dry
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weight of the bacteria cells were determined by pelleting the cells in a reaction

vessel via centrifugation at 7500 rpm for 60 min, then drying the cells in a 60°C

oven for 72 h.

Cd Adsorption Experiments

Adsorption and desorption kinetics experiments were conducted with the
gram-negative bacteria E. coli. Adsorption kinetics experiments were performed
in 250 mL Teflon batch reactors with 10 ppm Cd (diluted from a 1,000 ppm
atomic absorption standard), and 1.0 g/L (dry wt.) bacteria at a constant pH of 3.5.
Desorption experiments involved an initial period of adsorption (12 h contact
time) at pH 6.5, followed by a desorption step, driven by lowering the solution pH
to 3.5. Both adsorption and desorption experiments were sampled over a 12 hour
period. Each sample was filtered (0.45 um), acidified to prevent precipitation, and
analyzed for dissolved Cd using an inductively coupled plasma ~ atomic emission
spectroscopy technique at wavelengths of 214.433 and 226.502 nm. The Cd
standards used for calibration were made using the same electrolyte used in the
experiments, and analytical uncertainty was determined to be approximately +3%.
Any decrease in dissolved Cd concentration that occurred during the experiment
is assumed to be caused by Cd adsorption onto the cell wall. Previous control
experiments in our laboratory have demonstrated that Cd adsorption onto the
experimental apparatus is negligible.

Cd adsorption experiments conducted as a function of pH were performed
by initially reacting 10 ppm Cd and 1.0 g/L (dry wt.) bacteria in 200 mL of 0.1 M
NaNO; electrolyte solution. After the solution was continually mixed for 1 h, 10
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mL aliquots were pipetted into individual batch reaction vessels. The pH of each
batch experiment was adjusted to the desired value using 0.1 M NaOH or HNO;
and each system was allowed to equilibrate for another 2 h. The samples were
then filtered and analyzed as described above. Cd adsorption experiments with
gram-negative bacteria were performed with and without the acid wash step, with
no differences in the extent of adsorption observed. All subsequent experiments
with gram-negative species were conducted without the acid wash step in order to

minimize any potential disturbance of the outer membrane structure.

Results and Discussion

A typical titration curve shows that bacteria provide substantial buffering
capacity over a wide pH range (Fig. 1). We used the surface equilibrium program
FITEQL 2.0 (Westall, 1982) to solve for the deprotonation constants and absolute
concentrations of each surface functional group type. As Fein et al. (1997) and
Daughney et al. (1998) observed for B. subtilis and B. licheniformis, respectively,
a three site model is required in order to fit the data from experiments conducted
from pH 3.5 to 11, indicating that there are at least three types of proton-active
functional groups on the bacterial surfaces. These functional groups likely
correspond to carboxyl, phosphate, and hydroxyl sites that are displayed on the
bacterial cell wall. Electrophoretic mobility measurements indicate different
bacterial species have very similar pHg, values, and no fundamental differences

exist in the isoelectric behavior of gram-positive and gram-negative cells (Harden

and Harris, 1952).



Although the structure and chemical composition of the bacterial cell
walls are not identical, the deprotonation constants for the surface functional
groups, and the concentrations of those groups, show remarkable similarities
between bacterial species. For example, our measurements indicate that the values
for the first pK, (corresponding to carboxyl functional groups) range from 4.8 to
5.2, and site concentrations for this functional group type range from 0.89 to 3.11
x 10” moles/gram (Table 1).

Cd adsorption and desorption experiments were conducted as a
function of time with the gram-negative bacteria E. coli (Fig. 2). The results
indicate that Cd adsorption is fully reversible and reaches equilibrium in 4 h.
Demonstration of reversibility is a requirement for describing the adsorption
reaction using an equilibrium surface complexation model. Fowle and Fein (2000)
demonstrated similar reversibility for metal adsorption reactions onto the gram-
positive species B. subtilis. Our measurements suggest that the adsorption and
desorption kinetics for E. coli are slightly slower than those observed for B.
subtilis. The cause of this difference is unclear, but may be due to relatively slow
Cd diffusion through the outer membrane of the gram-negative cell in order to
gain access to binding sites on the peptidoglycan component of the cell wall.

Cd-bacteria stability constants were determined by conducting Cd
adsorption experiments as a function of pH for each of the seven bacterial species
(Fig. 3). Aqueous metal cation adsorption is strongly pH dependent and is
controlled by the surface speciation of the bacterial cell wall. At low pH values,

the surface functional groups are fully protonated and Cd adsorption is minimal.
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Figure 1. A representative potentiometric titration for Bacillus megaturium. A 3-pK
model (depicted as the solid black line) provides the best fit to the experimental
data. Additional titrations were performed with the bacterial species Escherichia
coli, Pseudomonas aeruginosa, Streptococcus faecalis, Staphylococcus aureus,

Sporosarcina ureae, Bacillus cereus. Results are compiled in Table 1.
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Figure 2. Experimental results from adsorption and desorption Kinetics
experiments, conducted with the Gram-negative bacteria E. coli at pH
3.5. The percentage of Cd adsorbed is plotted as a function of time.
Closed cirlces () represent adsorption experiments and open circles (0)

represent desorption experiments.
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As pH increases, the functional groups progressively deprotonate, forming
anionic metal binding sites and resulting in increasing Cd adsorption.

In this investigation, we performed Cd adsorption experiments using
identical weight concentrations of bacteria, and observed one common adsorption
edge for a wide variety of bacterial species. The pH-dependent adsorption
behavior resembles that of metal adsorption onto silicate and oxide mineral
surfaces. However, the surface charge of mineral surfaces is strongly influenced
by the underlying crystallographic mineral structure. Because each mineral
possesses a unique structure, the surface charges, and hence the protonation and
adsorption behaviors of the minerals, are unique. Conversely, our results suggest
that the structures that give rise to metal and proton adsorption onto bacterial cell
walls are common over a wide range of bacterial species. It is likely that the
similarities in site concentrations and metal binding affinities are responsible for
this species-independent behavior, however our bulk chemical measurements
cannot be used to distinguish the metal binding mechanism between different
bactenal types.

We have tested all reasonable Cd-bacteria surface complex
stoichiometries, and an adsorption model with the stoichiometry shown in
Reaction (3) provides the best fit to the experimental results (Table 1). We tested
Cd adsorption onto 1-site and 2-site surface functional groups as well as bidentate
surfaces complexes. We found that a 1-site model was a good fit to the data and
more complex stoichiometries did not improve the goodness of fit. We use the

follow equilibrium equation to quantify the metal adsorption reactions:
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Figure 3. Cd adsorption onto pure cultures of various gram-positive and
gram-negative bacterial species. Each data point represents individual batch
experiments with 10! M Cd and 1.0 g/L (dry wt.) bacteria. The dotted curve
represents the adsorption behavior calculated using the average parameters
given in Table 1. The solid lines represent the upper and lower uncertainity
limits calculated from the errors in pK_, site concentration, and log K.

measurements.
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(4) Cd™? + R-COO = R-COO-Cd*

Additional surface sites were not necessary in order to account for the
experimental data. This is the same stoichiometry that was found to provide the
best fit to metal adsorption experiments for both B. subtilis (Fein et al., 1997,
Daughney and Fein, 1998; Fowle and Fein, 2000; Fowle et al., 2000) and B.
licheniformis (Daughney et al., 1998) for a wide range of aqueous metal cations.
Previous metal adsorption studies conducted with B. subtilis and B. licheniformis
indicate that at high bacteria:metai ratios, metal-carboxyl complexes are the
dominant surface complex on the bacterial cell wall. However, under lower
bacteria:metal ratios and at higher pH conditions, additional surface species
become important. Fein et al. (1997) and Daughney et al. (1998) demonstrate that
Cd-phosphato complexes become important at low bacteria:metal ratios and near-
neutral pH. At our experimental conditions, the carboxyl surface sites control the
metal adsorption process. It remains undetermined whether the common
adsorption edge behavior would be observed if metal adsorption onto other
functional group types occurred.

The goodness of fit of each tested stoichiometric model was judged by
comparing the values of the residual function, V(Y), from the FITEQL 2.0 output
for each model. For each data point, FITEQL calculates Y, the error in the mass
balance (the difference between experimental and calculated values). The
weighted sum of squares of the error is normalized accounting for the number of
data points, n,, the number of chemical components for which both total and free

concentrations are known, ny, and the number of adjustable parameters (i.e.,
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formation constants and total concentration of components), n,, to give the overall

5

vy) = —1
Ilp.n

variance, V(Y),in Y:

n - "u

where Sy is the default experimental error given by FITEQL. The model that
yields the lowest V(Y) value is the one that best fits the data set as a whole. The
values of V(Y) compiled in Table 1 for each bacterial species indicate good
agreement between the experimental data and the model used to account for the
adsorption behavior as a function of pH. Potentiometric titrations and Cd-bacteria
adsorption experiments yield similar site concentrations and equilibrium constant
values for all of the bacterial species. The average values, based on a weighted
average by number of data points, for the carboxyl site pK,, site concentration,
and log Kags are 5.0 + 0.2, 2.0 + 0.8 x 10” mol/g and 4.0 + 0.3, respectively.

The calculated site concentrations, deprotonation constants and Cd
adsorption constants vary slightly between the different bacterial species.
However, these variations offset each other, such that, within experimental
uncertainties, the different bacterial surfaces adsorb virtually identical amounts of
Cd as a function of pH. The universality of the Cd adsorption edge for such a
wide range of bacterial species suggests that Cd adsorption experiments
conducted using only a limited number of types of bacteria can be extrapolated to

accurately model Cd adsorption onto complex mixed bacterial populations if the
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total concentration of bacteria is known. That is, the average site concentrations
and equilibrium constants reported here can be used to describe Cd adsorption
onto bacteria, without knowing the exact value of these parameters for each
bacterial species of interest, as long as Cd-carboxyl complexation is the only
important bacterial surface complexation that occurs. As mentioned above, the
universality of Cd adsorption onto other bacterial surface functional groups was
not investigated in this study. If a similar type of behavior exists for phosphato
surface groups as we have demonstrated for the carboxyl sites, then under
conditions where phosphato surface complexation is likely to occur, the average
stability constants for the Cd-phosphato surface complexes, along with those
reported here for Cd-carboxyl complexation, would provide a complete
description of Cd adsorption onto bacterial surfaces.

A generalized model curve was calculated with the average pK,, site
concentrations and log K,¢s values. The generalized model curve, illustrated by
the dashed line in Figure 3, provides a very good fit to the adsorption edge. There
is a slight misfit between the model and the high pH Cd adsorption data. An error
analysis was performed by calculating the upper and lower limit for the
adsorption edge with the uncertainties in the average parameters (illustrated by
the solid lines in Fig.3). The error envelope was calculated using the range of 1o
values for each parameter. The upper uncertainty curve was calculated with a
carboxyl site pK,, site concentration, and log Kags of 4.8, 2.8 x 10" mol/g and 4.3
respectively, and the lower uncertainty curve was calculated with the values 5.2,
1.2 x 10” mol/g and 3.7 respectively. Because these represent the upper and lower

errors for each of these parameters, and because these values are interrelated to a
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great extent, this error analysis is an extreme interpretation of the adsorption edge
envelope. However, all of the data points plot within the error envelope,
indicating that the model is in good agreement with the experimental results. The
generalized adsorption behavior, calculated from the average site densities and
equilibrium constants, should provide an excellent first-order description of Cd

adsorption behavior onto a wide range of bacterial species and potential onto

bacteria consortia.

Conclusions

Prediction of the effect of bacteria on metal adsorption in natural systems
requires knowledge of: 1) the absolute concentrations of the important metal
binding functional groups, 2) the deprotonation constants for these functional
groups, and 3) the metal binding constants for each type of site, for each metal of
interest. In this study, we determined items (2) and (3) for a wide range of both
gram-positive and gram-negative bacterial species. We calculated both the
individual thermodynamic stability constants for each bacterial species, as well as
overall average values for the acidity constants for each functional group type and
an overall average value for the stability constant of the surface Cd-carboxyl
complex. Based on the universality of the Cd adsorption edge, we propose that the
average thermodynamic parameters and site concentrations (given in Table 1) can
be used to predict Cd adsorption onto bacterial surfaces for all bacterial species
(or consortia) over a wide range of conditions, regardless of which species or

groups of species are present in the system of interest. These parameters can be
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easily incorporated into existing geochemical speciation models, and they yield an
excellent first approximation to the experimental data (Fig. 3). Therefore, if such
an approach can be extended to other metal cations of environmental and/or
geologic interest, and to other bacterial metal binding sites, our results would

greatly simplify the task of quantifying the effects of bacterial adsorption on mass

transport in realistic geologic systems.
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CHAPTER 3

METAL ADSORPTION ONTO BACTERIA MIXTURES: A TEST OF THE

SURFACE COMPLEXATION MODEL

Introduction

Bacteria are present in a wide range of geologic environments and
represent a significant proportion of the total surface area exposed to fluid in
many water-rock systems. Bacterial cell walls are highly reactive, and can
strongly adsorb aqueous metal cations, including heavy metal contaminants
(Tornabene and Edwards, 1972; Harvey and Leckie, 1985; Gongalves et al., 1987,
Fein et al., 1997) and radionuclides (Pons and Fuste, 1993; Macaskie and
Basnakova, 1998; Fowle et al., 2000). Previous studies have shown that bacterial
surfaces represent an important sink for metals, and can significantly affect metal
distribution in geologic settings (Ledin et al., 1996, Ledin et al., 1999). Therefore,
bacterial adsorption can strongly influence the transport, fate and bioavailability

of heavy metal contaminants in the environment. In order to quantitatively assess
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the effect of bacterial adsorption on metal distribution, accurate models are
required to describe metal-bacteria adsorption reactions.

In natural systems, bacteria commonly form microcolonies or biofilms
with diverse bacterial populations. Because bacterial consortia represent a
complex assemblage of different bacterial species, bulk partitioning models, such
as Langmuir and Freundlich isotherms, are generally used to describe metal
adsorption onto bacteria mixtures (Solari et al., 1996; Utgikar et al., 2000).
Partitioning adsorption models are relatively simple to apply to complex systems
because they do not require a detailed understanding of the surface or of the
adsorption mechanisms involved. However, because Langmuir and Freundlich
adsorption models do not explicitly account for surface or aqueous speciation,
metal binding constants and model parameter values can vary by several orders of
magnitude as a function of solution and system compositions (Bethke and Brady,
2000; Koretsky, 2000). Bulk partitioning models are calibrated empirically,
therefore, partitioning parameters are only valid at the specific conditions for
which they were determined, and cannot be generalized to other settings.

Surface complexation modeling has been shown to successfully describe
metal adsorption onto bacterial surfaces over a wide range of pH and ionic
strength conditions, and solute:sorbent ratios (e.g., Plette et al., 1996; Fein et al.,
1997; Daughney and Fein, 1998; Cox et al., 1999; Fowle and Fein, 1999). A
surface complexation model describes metal adsorption with site-specific
chemical reactions, and the thermodynamic stability of a metal-bacteria surface

complex is quantified with an equilibrium constant. By determining all of the



important equilibria that exist in a system, and the values of their equilibrium
constants, the distribution of metals between various reservoirs (in aqueous
solution, on mineral surfaces, on bacterial surfaces) can be explicitly calculated.
The equilibrium constants which describe the extent of adsorption in surface
complexation models are invariant with respect to most of the parameters which
affect partition coefficients. Therefore, the equilibrium constants determined in
systems that isolate specific adsorption reactions can be used to model complex
systems by combining these results into a computational model.

In order to quantify metal adsorption onto bacterial consortia using the
surface complexation approach, thermodynamic stability constants must be
determined for each metal and each bacterial species of interest. Since there are
countless species of bacteria found in nature, it would be virtually impossible to
determine metal binding constants for every bacterial type. Recently, Yee and
Fein (2001) demonstrated that that a wide range of bacterial species exhibit nearly
identical Cd adsorption behavior as a function of pH. However, it remains
unknown if this correlation can be used to model metal adsorption onto bacterial
consortia, and if this species-independent behavior applies to other metal cations.
In this study, we measure Cd, Co, Sr, and Zn adsorption onto mixtures of gram-
positive and gram-negative bacteria. The objective of the research is to compare
the metal adsorption behavior of the two bacterial types, and test if a generalized
surface complexation model can be applied to describe metal adsorption onto
complex mixtures of different bacterial species. By determining thermodynamic

stability constants for metal adsorption onto bacterial mixtures, we can begin to
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quantitatively assess the influence of bacterial surfaces on metal distribution in

realistic geologic environments.

Theory

The cell walls of eubacteria are classified into two structural forms: gram-
positive and gram-negative. Gram-positive cell walls are constructed of linear
polymers of peptidoglycan covalently linked together around the cell membrane.
The peptidoglycan encircles the entire cell and is bonded together to form a single
macromolecule, ~ 25 nm thick (Fortin et al., 1997). Peptidoglycan is rich in
carboxylate functional groups, and is chemically reactive (Beveridge, 1989). The
Gram-positive cell wall is also composed of secondary polymers (e.g., teichoic
and teichuronic acids) which are also bonded onto the peptidoglycan framework.
Like gram-positive cell walls, the cell walls of gram-negative bacteria also
contain peptidoglycan, but it is much thinner (~7.5 nm thick) and lacks any
secondary polymers. The peptidoglycan of gram-negative cells is located exterior
to the plasma membrane and beneath the outer membrane. The outer membrane is
a porous structure, rich in protein and lipopolysaccharides (LPS), and is the outer-
most layer in the gram-negative cell wall.

Numerous studies have shown that bacterial surfaces display pH-
dependent charging and acid-base characteristics (Harden and Harris, 1952; Plette
et al., 1995; Fein et al. 1997; Daughney et al., 1998; Cox et al., 1999; Pagnanelli

et al. 2000). These surface characteristics are controlled by the proton active



functional groups exposed on the cell wall. The surface complexation approach
employed by Fein et al. (1997) models the acidity of these surface functional

groups using the following generic equilibrium equation:

) R-AH° ®R-A" + H'

where R denotes the bacterium to which each functional group type, A, is
attached. The distribution of protonated and deprotonated sites can be quantified

with the corresponding mass action equation:

2 K, =[R-AJ[H"

where [R-A’] and [R-AH’] represent the concentration, in moles of sites per kg of
solution, of deprotonated and protonated surface species, respectively, and [H+]
represents the activity of protons in solution. We use the notation pK, to represent
the negative logarithm of the value of the equilibrium constant, K, for reaction
(1). The data of Fein et al. (1997), Daughney et al. (1998) and Yee and Fein
(2001) demonstrate that models involving three distinct types of surface organic
acid functional group (each with its own discrete pK, value) provide an excellent
fit to the observed protonation/deprotonation behavior of a wide range of bacterial
species. Yee and Fein (2001) demonstrated that the surface acid/base perperties of
a range of gram-positive and gram-negative bacteria are approximately the same,

and that the following average pK, values could reasonably account for the
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acid/base properties each species studied: 5.0 + 0.4, 7.2 + 0.6 and 9.7 + 1.0. The
corresponding site concentrations are (2.0 + 0.8) x 1073, 0.8 +0.7) x 1073, and
(1.7 + 19) x 10° moles/gram of bacteria (dry wt.). These pK, and site
concentrations values likely correspond to carboxyl, phosphoryl, and hydroxyl
groups.

The interactions between aqueous metal cations and deprotonated surface

sites can be described with the reaction:

(3) M™ + R-A” & R-A(M)™"+

where M™" represents an aqueous metal cation. This reaction stoichiometry
accounts for the both the pH dependence and the effects of changing
metal:bacteria concentration ratio on the adsorption behavior from acidic to near-
neutral pH conditions (e.g., Fein et al., 1997; Daughney et al., 1998; Fowle et al.,
2000; Yee and Fein, 2001). Metal partitioning between the solid and aqueous
phase is, therefore, quantified with the corresponding mass action equation:

@) Kuss = [R-AM)™"*)

[M™][R-A"]
The effect of the bacterial surface electric field on protonation and metal

adsorption reactions can be accounted for using the following equation (Stumm

and Morgan, 1996):

&) Kapparuu = Kintrinsic exp(-AZF ¥/RT)
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where F and R are Faraday’s constant and the gas constant, respectively, T is
absolute temperature, K, insic represents the equilibrium constant referenced to
zero surface charge, AZ is the change in the charge of the surface species in the
reaction of interest, and ¥ is the electric field potential associated with the
bacterial surface. To account for the electrostatic surface effects of the bacterial
cell wall, we use a constant capacitance model to relate the electrical potential ('¥)

to the surface charge (¢):

(6) C=a/¥¥

where C is the capacitance of the bacterial surface in F/m*. We use a reactive
surface area value of 140 m%g , and a capacitance value of 8.0 F/m?, after Fein et

al. (1997).

Materials and methods

Growth Conditions

Bacteria mixtures were prepared from pure cultures of the gram-positive
bacterial species: Streptococcus faecalis, Staphyloccocs aureus, Sporosarcina
ureae, Bacillus subtilis, Bacillus licheniformis, and the gram-negative bacteria
species: Escherichia coli, Pseudomonas aeruginosa, Enterobacter aerogenes,
Proteus vulgaris, and Serratia marscecens. Bacterial cells were initially cultured

in 3 mL of trypticase soy broth with 0.5% yeast extract for 24 h at 32 °C, then
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transferred to 1 L of trypticase soy broth and grown for another 24 h, also with
0.5% yeast extract. The cells were removed from the nutrient medium by
centrifugation, rinsed in 0.1 M NaNOj (the electrolyte used in the experiments)
two times, and soaked in 0.03 M HNO; for 1 h to remove contaminant cations
from the bacterial surface. The cells were then rinsed another five times with 0.1
M NaNO;. Cd adsorption experiments with gram-negative bacteria were
performed with and without the acid wash step, with no differences in the extent
of adsorption observed. All subsequent experiments with gram-negative species
were conducted without the acid wash step in order to minimize any potential
disturbance of the outer membrane structure.

After the final electrolyte rinse, each pure culture bacterial sample was
pelleted by centrifugation at 7500 rpm for 60 min for determination of the wet
weight, and then each pellet was suspended in a SO mL electrolyte solution. The
bacterial suspensions were then stirred together to make a bacteria mixture. The
bacterial constituents and their concentrations in each mixture are recorded in
Table 1. Eight bacteria mixtures were prepared, consisting of mixtures of gram-
positive bacteria (Mix1, Mix4 and Mix7), mixtures of gram-negative bacteria

(Mix2, Mix5 and Mix 6), and mixtures containing both bacterial types (Mix3 and

Mix8).
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Table 1. Composition of bacteria mixtures (concentration of pure bacterial cultures

in g bacteria/L)

Bacteria Mix1**
Species

Mix2™

Mix3

Mix4

MixS*

Mix6*

Mix?

Mix8*

Streptococcus
faecalis ND
()

5.27

223

1.16

Staphyloccocs
aureus ND

(+)

3.09

3.38

1.45

Sporosarcina
ureae ND
(+)

1.10

1.97

0.61

Bacillus
subtilis ND
(+)

0.89

1.39

0.63

Bacillus
licheniformis (+} ND

&

1.34

1.99

0.56

Escherichia
coli

()

g

1.10

1.47

0.59

Pseudomonas
aeruginosa

G

2.49

224

1.27

Enterobacter
aerogenes

O]

1.98

2.84

1.75

Proteus
vulgaris

)

ND

ND

2.31

2.64

1.48

Serratia
marscecens

)

ND

ND

1.92

2.16

1.46

*10.01 g bacteria /L (total bacterial concentration)

*9.90 g bacteria /L (total bacterial concentration)
9.95 g bacteria /L (total bacterial concentration)
dgram-negative bacteria cells with acid wash procedure

‘gram-negative bacteria cells with no acid wash procedure
'ND = Bacterial species is present in this mixture, but the weights of each species in the mixtures were not
determined. Only the total weight of all bacterial species was measured.
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Meztal Adsorption Experiments

Metal adsorption experiments were conducted to characterize the non-
metabolic metal adsorption reactions between the aqueous solution and the cell
wall surface. All experiments were conducted in nutrient absent conditions where
bacteria are metabolically inactive. Nutrients were not added in order to maintain
constant biomass throughout the experiments. Metal adsorption experiments were
performed in 10 mL batch experiments as a function of pH (for Cd, Co, and Sr),
and metal concentration (for Cd, Co, Sr and Zn). The experiments conducted as a
function of pH were performed with a fixed metal concentration of 10*° mol/L
and with a fixed bacterial concentration of approximately 10 g wet wt. bacteria/L
(total concentration of all types of bacteria used in each experiment). The
solution ionic strength in each experiment was buffered by the use of 0.1 M
NaNOj as the background electrolyte. The pH of each experiment was adjusted to
the desired value using 0.1 M NaOH or HNO:;. In the experiments conducted as a
function of metal concentration, the pH and bacterial concentration were held
constant at 4.5, and a total of 10.0 g wet wt./L, respectively, with metal (either Cd,
Co, Sr, or Zn) concentrations ranging from approximately 10 to 102 m. Each
sample was gently stirred end over end, and allowed to equilibrate for 6 h.
Preliminary kinetic experiments indicated that metal adsorption onto gram-
negative bacteria is fully reversible and reaches equilibrium in 4 h. Fowle and
Fein (2000) demonstrated similar, and faster reversibility for metal adsorption

reactions onto the gram-positive species B. subtilis.
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After equilibration, the final pH of each system was measured, and the aqueous
phase of the experiment was sampled by centrifuging the bacterial suspension,
filtering the sample (0.45 um), and acidifying the filtrate to prevent precipitation.
The extent of adsorption was determined by analyzing the supemnatant for
aqueous metal concentration using an inductively coupled plasma - atomic
emission spectroscopy technique with emissions measured at wavelengths: of
214.433 and 226.502 nm for Cd, 202.548 and 206.200 nm for Zn, 202.575,
204.917, and 209.105 nm for Co, and 232.235 and 407.771 nm for Sr. The metal
standards used for calibration were made using the same electrolyte used in the
experiments. Any decrease in dissolved metal concentration that occurred during
the experiment was assumed to be caused by adsorption onto the cell wall.
Previous control experiments in our laboratory have demonstrated that metal

adsorption onto the experimental apparatus is negligible.

Results

Metal adsorption experiments conducted as a function of pH indicate that
Cd, Co and Sr adsorption onto bacterial surfaces is strongly pH dependent (Figs. 1
and 2). Figure la depicts Cd adsorption onto Mix1, Mix2, and Mix3, and Figure
1b depicts Cd adsorption onto Mix4, Mix5 and Mix8. The data indicate that at
low pH, Cd does not readily adsorb onto any of the bacterial surfaces. The extent
of Cd adsorption increases with increasing pH, with over 90% of the Cd adsorbed
at pH 8. At low pH, the cell wall surface functional groups are fully protonated

and metal adsorption does not readily occur. As pH increases, the functional
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groups progressively deprotonate, forming anionic metal binding sites, resulting
in increasing metal adsorption. In addition, the experimental results show that Cd
adsorption onto gram-negative cells with an acid wash (e.g., Mix2) and without
an acid wash (e.g.. Mix6) are very similar, indicating that the acid wash protocol
does not significantly affect the amount of Cd adsorbed. The data also show that
Cd adsorption experiments conducted with unmeasured (e.g., Mix3) and known
(e.g., Mix8) concentrations of each bacterial species in a mixture adsorb very
similar amounts of Cd. This result suggests that the individual bacterial species
concentrations do not affect adsorption as long as the total bacterial concentration
is held constant. In all Cd adsorption experiments, the results demonstrate that
gram-positive bacteria, gram-negative bacteria, and mixtures containing both
bacterial types display nearly identical Cd adsorption edges, indicating that gram-
positive and gram-negative bacteria mixtures adsorb nearly identical amounts of
Cd as a function of pH.

Figure 2 depicts Co and Sr adsorption onto a mixture of five different gram-
positive bacterial species (Mix4). Similar to the Cd adsorption depicted in Figure
1, Co and Sr adsorption is also pH dependent, with adsorption increasing with
increasing pH. However, Co and Sr display significantly different adsorption
edges, with the extent of Sr adsorption less than that of Co, which in turn is less
than that of Cd under otherwise identical conditions.

Figure 3 displays Cd, Co, Sr, and Zn adsorption isotherms for a gram-
negative mixture (Mix6), a gram-positive mixture (Mix7), and a mixture

containing of both types of bacteria (Mix8). The concentration of adsorbed metal
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Figure 1. Percentage of Cd ([Cd};=9.0 x 10~ mol/L) adsorbed as a function of
pH, with bacteria mixtures: a) Mix1 (@), Mix 2 (a), and Mix3 (=), and b)
Mix4 (e), Mix5 (a), and Mix8 (m). The solid lines represent the best-fit curves

for a one-site metal-carboxyl adsorption model.
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Figure 2. Percentage of metal adsorbed onto the gram-positive bacteria mixture
Mix4 (8.83 g/L) as a function of pH, with cobalt (=), [Co],;=8.12 x 105 mol/L.,
and strontium (e), [Sr},=8.07 x 10 mol/L. The solid lines represent the best-fit

curves for one-site metal-carboxyl adsorption models.
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increases nearly linearly with the aqueous metal concentration, suggesting that
metal adsorption is not site limited under the experimental conditions. The
following metal binding affinities are observed: Cd > Co > Zn >Sr, results
consistent with those from the pH dependent experiments. The metal adsorption
behaviors of the three different types of bacteria mixtures studied are identical,
within the uncertainties of the experimental approach, for all the metals tested.
This result supports the findings of Yee and Fein (2001), who suggested that all
bacteria exhibit identical adsorption behavior for a given metal under fixed
experimental conditions, and the results of this study further suggest that the
species-independent metal binding behavior is applicable to a wide range of

metals and concentrations.

Discussion

A generalized surface complexation model was proposed by Yee and Fein
(2001) to describe Cd adsorption onto bacterial surfaces. The parameters for the
species-invariant adsorption model were calculated from the average site densities
and equilibrium constants for a wide range of bacterial types. The generalized
adsorption model provides an excellent first-order description of Cd adsorption
behavior onto individual pure cultures of both gram-positive and gram-negative
bacterial species. In this study, we test if the generalized surface complexation
model can be extended to describe metal adsorption onto bacteria mixtures. We
calculate metal adsorption constants from the experimental data, and we compare

these values to those of predicted by the metal adsorption model of Fein et al.
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(2001). The model of Fein et al. (2001) is based on a dataset of stability constants
for 12 metal-carboxyl bacterial surface complexes for B. subtilis. Our objective is
to determine if the adsorption behavior of bacteria mixtures is similar to that of a
single bacterial species. If the metal binding constants for bacteria mixtures are
consistent with the values determined for B. subtilis, then we can use the model
proposed by Fein et al. (2001) to predict the adsorption behavior of bacteria
mixtures, and to do so for metals and bacterial species that have not been directed
studied in the laboratory.

We determined metal adsorption reaction equilibrium constants from our
data using FITEQL 2.0 (Westall, 1982), using site concentrations and
deprotonation constants for the cell wall surface functional groups reported by
Yee and Fein (2001). These values represent the parameters from a generalized
adsorption model for all bacterial species, determined by averaging the parameter
values obtained from studies of individual bacterial species. We assumed a 1:1
stoichiometry for the bacteria:metal surface complex, as shown in Equation (3),
and for each data set, we tested both one-site (metal adsorption onto carboxy! sites
only) and two-site (metal adsorption onto both carboxyl and phosphoryl sites)
models for metal adsorption. The goodness of fit of each tested reaction
stoichiometry was judged by comparing the values of the residual function, V(Y),
from the FITEQL 2.0 output for each model. For each data point, FITEQL
calculates Y, the error in the mass balance (the difference between experimental

and calculated values).



The stability constants calculated from each data set are compiled in Table
2, the averaged stability constant values for each experimental condition are listed
in Table 3, and the overall stability constants for each metal are listed in Table 4.
A one-site model provides the best fit to ali the adsorption data. The variance
values indicate that two site adsorption models do not improve the fit to the
experimental results. Previous research has showed that at lower bacteria:metal
ratios than used in our experiments, metal-phosphoryl bacterial surface
complexation becomes important in the near neutral pH range (Fein et al., 1997;
Daughney et al., 1998; Texier et al., 2000). At low bacteria:metal ratios, low pH
adsorption is best modeled as adsorption onto carboxyl sites, with phosphoryl
sites contributing more with increasing pH. However, at the relatively high
bacteria:metal ratios and pH values of our experiments, there is a high
concentration of carboxyl surface sites, and the carboxyl functional groups alone
appear to control the metal adsorption process.

The modeling results displayed in Figure 1 demonstrate that a one-site
adsorption model can reasonably account for the Cd adsorption behavior across
the pH range studied. The solid lines represent the averaged values of the best fit
models for each experimental condition (where “experimental condition refers to
the bacteria mixture, metal and type of experiment, as shown in Table 3). Figures
l1a and 1b show that this one-site generalized adsorption model provides a very
good fit to the data from each of the bacteria mixtures. Stability constants
determined for the Cd-bacteria surface complex indicate that the Cd adsorption

behavior with the different bacteria mixtures are similar, and are within the error
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Table 2. Stability Constants for Metal adsorption onto gram-positive and
gram-negative bacteria mixtures.

Bacteria Metal Type of one-site V(Y) # data
Mixture experiment logK points
Mix1 Cd pH 3.691 16.21 13
Mix2 Cd pH 4.113 34.16 5
Mix3 Cd pH 4.075 12.06 14
Mix4 Cd pH 3.614 9.531 12
Mix5 Cd pH 3.256 16.03 12
Mix8 Cd pH 3.623 7.374 10
Mix4 Sr pH 2.223 11.76 14
Mix4 Co pH 3.097 37.38 10
Mix6 Cd metal concentration 3.311 94,98 5
Mix7 Cd metal concentration 3.112 115.5 5
Mix8 Cd metal concentration 3.193 109.9 6
Mix6 Co metal concentration 3.177 56.80 7
Mix7 Co metal concentration 2.724 413.2 7
Mix8 Co metal concentration 3.056 57.66 7
Mix6 Sr metal concentration 2.953 313.8 5
Mix7 Sr metal concentration 2.361 607.7 5
Mix8§ Sr metal concentration 2.649 199.1 6
Mix6 Zn metal concentration 2.968 25.55 6
Mix7 Zn metal concentration 2.723 37.72 5
Mix8 Zn metal concentration 3.109 58.98 5
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Table 3. Average Stability constants based on experimental conditions

Bacteria Mixtures | Metal Type of experiment Average | Figure’
Log K.dsa
Mix1, Mix 2 Mix3 Cd pH 3.92 la
Mix4, Mix5, Mix8 Cd pH 349 1b
Mix4 Sr pH 2.22 2
Mix4 Co pH 3.10 2
Mix6, Mix 7, Mix8 Cd metal concentration 3.20 3a
Mix6, Mix 7, Mix8 Co metal concentration 2.99 3b
Mix6, Mix 7, Mix8 Sr metal concentration 2.65 3c
Mix6, Mix 7, Mix8 Zn metal concentration 2.94 3d

*Log K values calculated from weighted average based on the number of data
Egints in each type of experiment
igure in which each model is depicted

Table 4. Overall Average Stability Constants for Metal adsorption onto
Bacteria mixtures.

Metal Average Log Kaas'
Cd 3.6% +0.64
Co 3.02+0.34
Sr 2.45 +0.56
Zn 2.93 +0.32

*Log K values calculated from weighted average based on the number of data
points for each metal (both pH and metal concentration experiments included).
®Average values with 26 errors
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envelope reported by Yee and Fein (2001). The results indicate that one metal
binding constant can describe Cd adsorption on to gram-positive bacteria
mixtures, gram-negative bacteria mixtures, and mixtures containing both bacterial
types.

The pH dependent adsorption of Co and Sr onto gram-positive mixtures
can also be described using a one-site adsorption model (Fig. 2). The best fit
curves for the adsorption data are represented by solid lines and are displayed in
Figure 2. For both Co and Sr, the one-site model slightly under predicts
adsorption at low pH, and slightly over predicts adsorption at high pH. The value
of the metal-bacteria stability constant is constrained by the position of the
adsorption edge, and the plateau of the adsorption curve. The slight misfit gives a
good indication of the uncertainties associated with this approach. A one-site
adsorption model, however, does provide a good fit to the experimental results,
and can describe the general trend of the adsorption data.

A one-site adsorption stoichiometry also provides a good fit to the data
from the metal concentration experiments, as illustrated by the solid lines in
Figure 3. The V(Y) values for these experiments are generally higher than those
associated with the pH dependent data sets (Table 1). The large variance values
are primarily due to the small number of data points in each dataset and the
observed scatter in the experiments at low metal concentrations. The metal
concentration experiments were conducted with a range of different metal
concentrations ranging down to micromolar concentrations (10° mol/L). At

these concentrations there are significant analytical uncertainties due to the






