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Abstract— This study quantifies metal adsorption onto cell wall surfaces of Bacillus subtilis by applying
equilibrium thermodynamics to the specific chemical reactions that occur at the water-bacteria interface.
We use acid/base titrations to determine deprotonation constants for the important surface functional
groups, and we perform metal-bacteria adsorption experiments, using Cd, Cu, Pb, and Al, to yield site-
specific stability constants for the important metal-bacteria surface complexes. The acid/base properties
of the cell wall of B. subtilis can best be characterized by invoking three distinct types of surface organic
acid functional groups, with pK, values of 4.82 % 0.14, 6.9 *= 0.5, and 9.4 * 0.6. These functional
groups likely correspond to carboxyl, phosphate, and hydroxyl sites, respectively, that are displayed on
the cell wall surface. The results of the metal adsorption experiments indicate that both the carboxyl
sites and the phosphate sites contribute to metal uptake. The values of the log stability constants for
metal-carboxyl surface complexes range from 3.4 for Cd, 4.2 for Pb, 4.3 for Cu, to 5.0 for Al. These
results suggest that the stabilities of the metal-surface complexes are high enough for metal-bacterial
interactions to affect metal mobilities in many aqueous systems, and this approach enables quantitative

assessment of the effects of bacteria on metal mobilities.

1. INTRODUCTION

Bacteria are ubiquitous in near-surface fluid-rock systems,
and bacterial cell walls display a strong affinity for a wide
variety of aqueous metal cations (e.g., Beveridge and Mur-
ray, 1976, 1980; Beveridge and Koval, 1981; Crist et al.,
1981; Harvey and Leckie, 1985; Gongalves et al., 1987).
Cell walls represent a significant proportion of the total sur-
face area exposed to fluid in many groundwater systerms,
ranging from surface waters (Geesey et al., 1977) and soils
(Mahmood and Rama Rao, 1993) to mid-ocean ridge hydro-
thermal systems (Baker et al., 1994) and deep sedimentary
basins (Ghiorse and Wobber, 1989). However, the effects
of bacteria on metal mobilities in these systems are known
only qualitatively, and it is impossible, with our current
knowledge, to quantitatively assess the role bacteria play in
affecting metal adsorption.

Geochemical modeling of mass transport in fluid-rock sys-
tems is based either on equilibrium thermodynamics or on
chemical kinetics or both, but it is not clear a priori whether
biological processes involving bacteria can be described by
either of these formalisms. However, adsorption of aqueous
metal cations onto bacterial cell walls is likely to be an
abiotic process, controlled only by the acid/base properties
of the exposed cell wall surface functional groups, and by
the affinity of each type of functional group for specific
aqueous metals. Indeed, previous experiments indicate that
isolated cell walls and whole bacteria exhibit similar affinit-
ies for aqueous metals (Mullen et al., 1989), reflecting the
abiotic nature of at least the initial metal-bacteria interaction
at the cell wall surface.

Inclusion of the effects of bacteria in geochemical models
of mass transport requires quantitative knowledge of the
thermodynamic properties of the organic acid functional
groups which are displayed on bacterial cell wall surfaces.
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Bacterial cell walls contain a variety of surface organic func-
tional groups, including amino, carboxylic, hydroxyl, and
phosphate sites (e.g., Beveridge and Murray, 1980). In order
to quantify the effects of bacteria on aqueous metal transport,
several parameters must be determined: (1) the relative and
absolute concentrations of these types of organic functional
groups on the cell wall, (2) the total abundance of these
functional groups in the fluid-rock system as a whole (i.e.,
the total surface area of bacterial cell walls in contact with
the aqueous phase), (3) a deprotonation constant for each
of the important functional groups, and (4) metal-organic
stability constants for each metal and organic functional
group of interest. Bioassays of the dominant bacteria in a
fluid-rock system provide qualitative information concerning
the types of functional groups present within the cell wall.
Total reactive surface areas of cell walls are more difficult
to estimate, but sampling from systems of interest can yield
approximate values. Determining deprotonation and metal-
bacteria stability constants requires experimental measure-
ments of isolated bacteria-water systems, and that is the
objective of this work.

In this study, we test whether equilibrium thermodynamics
can provide a means to quantify the specific chemical reac-
tions that occur at the fluid-bacteria interface. Most previous
studies of the interactions between aqueous metal cations
and bacterial cell walls are qualitative, determining only the
relative binding strengths of different metals with a cell wall
(e.g., Beveridge and Murray, 1976; Harvey and Leckie,
1985; Walker et al., 1989; Mullen et al., 1989). Gongalves et
al. (1987) apply a semiquantitative approach to determining
metal-bacteria behaviour, determining bulk-binding con-
stants for metals with the cell wall as a whole. However,
Gongalves et al. (1987) do not differentiate between the
surface sites involved in metal binding. They calculate bind-
ing constants for generic adsorption onto the cell wall using
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the same reaction regardless of solution pH. Because differ-
ent functional groups become active under different pH con-
ditions and hence different adsorption reactions occur, this
approach yields values of the binding constants which
change as a function of pH. Therefore, these binding con-
stants cannot be utilized to calculate metal speciation in
systems other than those studied. pH titrations have been
performed by a number of workers to determine microbial
surface site deprotonation behaviour. However, only Xue et
al. (1988) and Plette et al. (1995) have placed quantitative
constraints on the values of the important deprotonation con-
stants for specific microbial surface sites, and only Xue et
al. (1988) have attempted to quantify the absolute stabilities
of metal-surface complexes using thermodynamic equilib-
rium constants for specific metal-surface site interactions.

In this study, we use acid/base titrations to determine the
deprotonation constants for the important functional groups
for a commonly occurring bacterial species, and we perform
metal-bacteria adsorption experiments to yield the stability
constants for each of the important metal-bacteria surface
complexes. The objectives of the study are (1) to illustrate
the type of experiments required for inclusion of metal-bac-
terial interactions into quantitative geochemical modeling of
mass transport in fluid-rock-soil systems and (2) to provide
deprotonation constants and metal binding constants for a
common subsurface bacterial species.

2. CELL WALL CHARACTERISTICS

The species used in our experiments is Bacillus subtilis,
a gram-positive aerobic species commonly found in ground-
water systems. Electrophoretic mobility investigations indi-
cate that the cell wall of B. subtilis is essentially uncharged
at pH values below 2.2, but that it becomes increasingly
negatively charged at higher pH values (Harden and Harris,
1953). Bioassay studies of this species suggest that the nega-
tive charge of the cell wall results predominantly from depro-
tonation of carboxyl, phosphate, and hydroxyl functional
groups exposed on the outer surface of the cell wall (Bever-
idge and Murray, 1980). Deprotonation reactions for the
dominant three functional group types are

R-COOH® & R-COO™ + H* (1)
R-POH° & R-PO™ + H* (2)
R-OH® & R-O™ + H” (3)

where R represents the bacterium to which each functional
group is attached. Mass action equations for the above depro-
tonation reactions are

_ [R-COO~ Jay*

" [R-COOH"] @)
_ [R-PO lay-

Ka [R-POH"] )
_[R'Oi]aﬁ*

Ke) = [R-OH"] (6)

where K and a represent the equilibrium constant and activity
of the subscripted reaction or species, respectively, and the

brackets represent the concentration of surface sites in moles
per kg of solution.

By modeling the surface acidity of B. subtilis using reac-
tions 1-3, we implicitly assume that the deprotonation of
each type of functional group can be represented as a single
deprotonation of an organic acid. This assumption needs to
be experimentally verified. It is possible that one functional
group can influence the deprotonation of a neighboring func-
tional group, such that more than one deprotonation constant
is required to explain the acidity behaviour of each type of
functional group. This type of behaviour is displayed by all
purely aqueous multifunctional organic acids such as oxalic
acid, as well as by humic and fulvic acids {Stumm and
Morgan, 1996).

Interactions between aqueous metal cations (M) and de-
protonated surface sites on the bacterial cell wall can be
represented by the following association reactions:

M™ + R-COO~ & R-COO(M)m V" (7
M" + R-PO™ & R-POM)"" V" (8)
M™ + RO & R-OM)™ "' (9

Quantitative prediction of metal partitioning between aque-
ous fluid and bacterial cell walls requires accurate determina-
tion of the equilibrium constants for reactions 1-3 and
7-9.

Like mineral surfaces, bacterial surfaces are charged and
create an electric field. The resulting electrostatic interac-
tions between this electric field and aqueous ions must be
accounted for when expressing the equilibrium constant of a
reaction involving surface sites (Stumm and Morgan, 1996).
These interactions may be quantified using the following
relationship:

K = Kipinsic €Xp(— F$/RT) (10)

where F and R are Faraday’s constant and the gas constant,
T is absolute temperature, K. represents the equilibrium
constant referenced to zero surface charge and zero surface
coverage, and ¢ is the electric potential of the bacterial
surface. We account for the electrostatic interactions be-
tween the charged bacterial surface and aqueous ions using
the surface equilibrium program FITEQL 2.0 (Westall,
1982), invoking a constant capacitance model (Hohl and
Stumm, 1976). Implicit in this modeling approach is the
assumption that surface charge is homogeneously distributed
over the bacterial surface, giving rise to relatively simple
electric field behavior. Studies of the distribution of active
surface sites on B. subtilis reveal that the surface sites are
not evenly distributed, but tend to concentrate at the tips of
the bacteria (Sonnenfeld et al., 1985a,b). In this study, we
neglect the effects of heterogeneities in the bacterial surface
electric field. Because bacterial cells are not likely to remain
intact when placed in a vacuum, traditional mineral surface
area measurement techniques cannot be applied to microbial
species, so we estimate the surface area based on cell geome-
try. B. subtilis is rod-shaped and typically 5.0 um long and
1 pm wide, and we estimate approximately 10' cells mL ™'
in a suspension of 2.5 g L™'. These values yield a surface
area for the bacteria of approximately 140 m* g~' cells.
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There is considerable uncertainty in these estimates, espe-
cially in the suspension cell count; reasonable uncertainties
are included in our error analysis below.

3. EXPERIMENTAL PROCEDURES
3.1. Bacterial Growth and Preparation

B. subtilis (obtained from T. J. Beveridge, University of Guelph,
Ontario) cells were cultured in trypticase soy broth with 0.5% yeast
extract. Cells were grown in 3 mL volumes of broth for 24 h at
32°C, and transferred to 1 L volumes of broth to grow for another
24 h. Cells were then pelleted by centrifugation at 6000 rpm for 15
min, rinsed two times in distilled, deionized (DDI) water, and soaked
for 1 h in 0.1 N HNO;. After another rinse in DDI water, the cells
were soaked in 0.001 N EDTA overnight, and finally rinsed five
times in DDI water. This procedure was followed to ensure that the
bacterial cell wall surfaces were stripped of metal cations present in
the growth medium. It should be noted that the cells remained viable
following all of the preparation and experimental procedures. It is
possible that cellular metabolic activity influences surface acidity
and metal uptake (e.g., Urrutia Mera et al., 1992), and the effects
of metabolic activity will be examined in detail in a future communi-
cation (Fowle and Fein, 1997).

3.2. Acid/Base Titrations

The cells were subjected to two final rinses in the electrolyte that
was used in the titration experiments (13 titrations used 0.1 M
NaNO;; 5 used 0.3 M NaNO;). After final rinsing, the cells were
suspended in 10.0 mL of the NaNO; electrolyte which had been
purged of CO; by N, bubbling for 60 min. The suspension was
immediately placed into a sealed titration vessel in which a positive
pressure of N, was maintained. The titrations were conducted using
an automated burette assembly, with aliquots of 1.00 N NaOH titrant
(standardized against reagent grade K-H-Phthalate) added to solu-
tion after a stability of 0.1 mV/sec was attained. Some of the titra-
tions were reversed by conducting an acid titration immediately
following the base titration. The results from the reversed titrations
were not significantly different from the forward titrations, sug-
gesting reversibility of the proton adsorption/desorption reactions.
In addition to protonation constants, the data yield total-site concen-
trations for each type of functional group present on the cell wall
surface. These values were weight normalized, yielding concentra-
tion of sites per gram of bacteria by pelleting and weighing the
bacteria present in each titration vessel. The pelleting was accom-
plished by centrifugation at 6000 rpm for 60 min. The supernatants
from several titration experiments were sampled and analyzed using
High Performance Liquid Chromatography for dissolved organic
anion exudates from the bacteria. There was no evidence for such
exudates, and therefore all of the acid/base behavior observed in
the titration experiments is attributed to protonation/deprotonation
reactions occurring on the cell wall.

3.3. Metal Adsorption Experiments

An aqueous solution containing a known concentration of either
Cd, Cu, Pb, or Al in a 0.10 M NaNO; electrolyte (see Table 1 for
experimental run conditions) was placed in contact with a known
weight of bacteria, allowed to equilibrate while stirring for 30 min
(or for varying times for the kinetics experiments), and filtered
through a 0.45 um filter. The filtrate was acidified to prevent metal
precipitation, and analyzed ( within 24 h) for the dissolved metal by
flame atomic absorption spectrophotometry. Any decrease in dis-
solved metal concentration that occurred during the experiment is
assumed to be caused by metal adsorption onto the cell wall. 30
min was chosen as the optimal experiment duration based on the
results of the kinetics experiments (see below).

Batch adsorption experiments were conducted for Cd, Cu, and Pb
adsorption onto B. subtilis as a function of pH. The washed bacteria
were suspended in electrolyte to make a parent suspension. The
weight of the bacteria per unit weight of solution in the parent
suspension was determined by taking a well-mixed homogeneous

aliquot of the suspension and separating and weighing the bacteria
and the fluid in the aliquot. Separation was achieved by centrifuga-
tion at 6,000 rpm for 60 min. From the parent suspension. another
homogeneous 5.0 mL volume was transferred to a reaction vessel,
an appropriate amount of dissolved metal was added from a 1,000
= 1 ppm Cd, Cu, or Pb standard, and the pH was adjusted to the
desired value using either 1.0 N NaOH or HNO,.

The Al adsorption experiments could not be conducted over a
wide pH range because the solubility of gibbsite [ Al{ OH), | is lower
than the detection limit of the flame atomic adsorption spectropho-
tometer at pH values above approximately 4. Therefore, the experi-
ments were conducted as a function of metal:bacteria ratio, within
a small pH range (between 3.3 and 3.7), with fixed concentrations
of aqueous Al and varying amounts of bacteria. In each experiment,
a bacteria pellet of known weight was suspended in 5.0 mL of Al-
bearing solution. pH adjustment, equilibration times, and solution
sampling techniques were identical to those described for the Cd,
Cu, and Pb experiments.

4. RESULTS AND DISCUSSION
4.1. Acid/Base Titrations

A comparison of the shapes of typical titration curves for
the electrolyte with, and without, B. subrilis (Fig. 1) indi-
cates that the bacteria provide substantial buffering capacity
to the solution over a wide pH range. We attempt to fit the
data using a one-site model, a two-site model, and a three-
site model (where each site represents a different type of
organic acid functional group on the cell wall surface). The
results of these calculations are depicted in Fig. 1. The one-
site model accounts for the buffering capacity of the bacteria
from the start of the titrations at pH 3.6 to approximately
pH 5.6. Buffering capacity accompanying the addition of
base can be represented by the following reaction (written
for the carboxyl sites):

R-COOH" + OH™ & R-COO~ + H,0 (11)

Deprotonation of organic functional groups as pH is in-
creased above 3.6 accounts for the buffering capacity ob-
served. In the one-site model, however, at pH values above
5.6, nearly all surface sites are deprotonated and no further
buffering is possible. Hence, the model yields a nearly hori-
zontal line at higher pH values. This loss of buffering capac-
ity is not observed in the bacterial suspensions, and thus
additional types of organic functional groups, which deproto-
nate at higher pH values, must be invoked to account for
the observed buffering behaviour. As Fig. 1 illustrates, the
one- and two-site models cannot account for all of the buff-
ering capacity observed between pH 3.6 and 10.5. However,
the three-site model yields an excellent fit to the experimen-
tal data, indicating that the data require at least three types
of organic functional groups to be present and active on the
cell wall surface of B. subtilis.

The protonation constants calculated from all 18 titrations
are compiled in Fig. 2. The surface layer capacitance value
that best fits the data is 8.0 F m™2. One type of surface site
displays a pK, value of 4.82 = 0.14 (the average value, and
20 error), another displays a value of 6.9 = 0.6, and the
third a value of 9.4 = 0.6. Based on typical deprotonation
constants for short-chained carboxylic (4 < pK, < 6) and
hydroxy (or phenolic) acids (9 < pK, < 11), we conclude
that the first pK, corresponds to the carboxyl sites, the second
to the phosphate sites, and the third to the hydroxyl sites.
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Table 1. Metal adsorption experimental conditions and results.

LD. Log Mina’ Log Meabory’ pH range Log K°

Al Experiments

All ~3.43 —3.68 3.40 5.34
Al2 —343 —3.65 3.44 5.34
Al3 -3.43 —3.46 3.39 5.31
Al4 -3.43 -3.29 3.40 5.08
AlS —3.43 —3.23 3.67 4.73
Al6 ~3.43 —3.18 3.49 4.85
Al7 —3.43 —3.12 3.52 5.05
Alg —343 -3.12 3.70 4.86
Al9 -343 -2.99 3.56 5.18
Al10 —3.43 —2.94 3.73 4.82
Alll —3.43 -2.81 3.65 4.79
All12 —3.43 -2.63 3.47 4.95
All3 —3.43 —2.49 3.47 5.13

Cd Experiments

Cdl —4.05 -2.59 250t0 743 3.48

Cdz2 —4.05 —3.53 2.36 10 10.08 3.20,5.71
Cd3 —4.05 —3.06 2560 7.36 3.31,5.55
Cad4 —4.05 —3.45 262 t0 8.57 3.38,5.02
Cds —4.05 -3.07 2.62t0 8.02 3.65, 5.42

Pb Experiments

Pbl —4.71 —2.60 272to 5.03 4.17
Pb2 —4.34 -3.33 2.05to 8.25 421,552
Pb3 —3.78 -3.81 269 t0 593 4.25, 5.66

Cu Experiments

Cul —3.81 ~3.07 2660 574 4.35, 6.04

The Cd, Cu, and Pb experiments are sets of experiments conducted as a function
of pH, with pH ranges shown. The Al experiments are individual experiments, con-
ducted within a narrow pH range, with varying amounts of bacteria (see text).

' Initial aqueous metal concentration.

% Concentration of carboxyl sites in moles/kg water.

*If only one value is known, it represents the metal-carboxyl stability constant. If
two values are shown, they represent the metal-carboxyl and metal-phosphate stability
constants, respectively.

Note that the evidence linking a particular pK, with a particu-
lar type of functional group, although likely, is purely cir-
cumstantial. Confirmation of this model requires more de-
finitive evidence, such as spectroscopic studies of the cell
wall as a function of pH. Also note that the acid/base behav-
ior of each type of organic functional group can be success-
fully modelled using a single deprotonation constant, greatly
simplifying the modeling of the pertinent reactions that occur
on the cell wall surface. The effect of ionic strength on the
calculated pK, values cannot be resolved given the uncertain-
ties associated with the experimental data, but will be the
subject of a forthcoming communication (Daughney and
Fein, 1997).

The pK, values determined for B. subtilis are similar to
those obtained by Gongalves et al. (1987) (who report pK,
values of 4.7 and 7.8 for the bacteria species Klebsiella
preumonia), Xue et al. (1988) (pK, values between pH 4
and 5, and between pH 8 and 9.5 for the algal species
Chlamydomonas rheinhardii), and Plette et al. (1995) (pK,

values of 4.62 = 0.02, 7.83 = 0.13, and 9.96 = 0.08 for
another gram-positive bacteria Rhodococcus erythropolis).
The modeling results, coupled with the measurements of
total weights of bacteria used in each titration, yield an
average value of (1.2 + 0.2) X 107 moles of carboxyl
sites/gm of bacteria, (4.4 = 0.3) X 107° moles of phos-
phate sites/gm of bacteria, and (6.2 = 0.4) X 10~° moles
of hydroxyl sites/gm of bacteria. These values are similar
to those obtained by Gongalves et al. (1987) and Xue et
al. (1988) for titrations of bacteria and algal suspensions,
respectively.

4.2. Cd Adsorption Kinetics Experiments

Experiments that constrain the kinetics of aqueous Cd
adsorption onto B. subtilis (Fig. 3) indicate that an adsorp-
tion equilibrium appears to be attained, and that the equilib-
rium reaction is rapid, with full adsorption occurring in 30
to 45 min. These results are consistent with the findings of
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Fig. 1. Acid/base titration data from one of the 18 titrations per-
formed using B. subtilis. Also shown is the titration curve for the
electrolyte in the absence of bacteria. Results from FITEQL 2.0
modelling are depicted for the best-fitting one-, two-, and three-site
models.

Harvey and Leckie (1985), who examined Pb adsorption
onto gram-negative bacteria and found that two adsorption
mechanisms occur: a rapid adsorption, equilibrating within
30 min, and a slower, possibly metabolically controlled up-
take, which did not reach a steady state in the 24 hours of
the experiment. This study examines only the initial, rapid
metal adsorption, so metal uptake experiments were con-
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Fig. 2. FITEQL 2.0 modelling results from the 18 titration experi-
ments. Results from the experiments using a 0.3 M NaNO; electro-
lyte are depicted in grey. For each experiment, three pK, values
were determined, and the values are shown here with the average
value and its 2¢ error.
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Fig. 3. Experimental results from adsorption kinetics experiments,
plotted in terms of the percent of aqueous Cd adsorbed onto B.
subtilis as a function of the duration of the experiment in minutes.
The data points represent the results from independent batch adsorp-
tion experiments, conducted under identical conditions for varying
lengths of time.

ducted for 30 min. Our future research will focus on the
slower adsorption mechanism.

4.3. Metal Adsorption Experiments

The results of the Cd, Cu, Pb, and Al adsorption experi-
ments are depicted in Figs. 4-7, respectively. At low pH
values, all organic functional group sites are fully protonated,
and hence no adsorption of metal occurs. As pH increases,
the cell wall surface sites deprotonate sequentially, resulting
in increasing cation adsorption as a function of increasing
pH. The Al experiments, all conducted at similar pH values,
indicate that Al adsorption increases with increasing amount
of bacteria in suspension. The extent of adsorption in the Al
experiments is especially remarkable considering that at pH
3.3, less than 3% of the carboxyl sites are deprotonated. All
of these results indicate that surface complexation occurs
between the aqueous metals and the deprotonated surface
functional groups.

We use FITEQL 2.0 with a constant capacitance model
to interpret the metal adsorption data, utilizing the deprotona-
tion constants for the cell wall surface functional groups that
were determined from the acid/base titrations, and the same
capacitance that best fit the titration data. Equilibrium con-
stants for aqueous metal hydrolysis reactions are from Baes
and Mesmer (1976), and for the acid and water dissociation
reactions from Wolery (1992). We assume a 1:1 stoichiome-
try for the metal:bacteria surface complex. The data for each
metal system (except for the Cu system) test the validity
of this assumption because, for each system, a range of
metal:bacteria ratios was examined. For each dataset, we test
one-site, two-site, and three-site models for metal adsorption.
In no instance was a three-site model required in order to
satisfactorily account for the observed adsorption behavior.
The stability constants calculated from each dataset are listed
in Table 1, and the overall average stability constants, are
compiled in Table 2.

Figures 4a and 5a depict the Cd and Pb adsorption data,
respectively, for systems with relatively high bacteria:metal
ratios (see Table 1 for specific run conditions). In these
systems, accounting for adsorption using only carboxyl sites
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Fig. 4. Percent of aqueous metal adsorbed onto B. subtilis for the Cd experiments. Dashed and solid curves represent
the 1- and 2-site models, respectively, which best fit each individual data set: a. Cdl; b. Cd2; ¢. Cd3; d. Cd4; and

e. CdS.

(the one-site model) provides an excellent fit to the experi-
mental data. Including a second site of adsorption (the phos-
phate group) does not improve the fit of the model to the
data, and therefore is not warranted by the data. Conversely,
as shown in Figs. 4b—e, 5b, and 5c, the observed adsorption
behavior exhibited in experiments conducted at lower bacte-
ria:metal ratios cannot be adequately explained using a one-
site model. This suggests that either the total site concentra-
tion obtained from the acid/base titrations for carboxyl sites
is too low, or that additional adsorption occurs onto other
types of surface sites than carboxyl sites under higher pH
conditions. The total carboxyl site concentration (carboxyl
sites per Litre of solution) in each adsorption experiment is
based on the values of site concentration per gram of bacteria
obtained from the acid/base titrations. The titrations were
conducted using a wide range of amounts of bacteria, yet
the uncertainty associated with the average site concentration

per gram of bacteria is relatively low and cannot account
for the observed misfit to the adsorption data.

For each of the experiments conducted at the lower bacte-
ria:metal ratios, a two-site (carboxyl and phosphate) model
provides an excellent, significantly improved fit to the data.
Furthermore, the metal-carboxyl stability constants that re-
sult from the two-site modelling of the low bacteria:metal
experiments are in excellent agreement with the metal-car-
boxyl stability constants that result from the high bacte-
ria:metal experiments using a one-site model. This not only
supports the two-site model, but it also provides evidence
that the 1:1 metal:site stoichiometry that we assumed is cor-
rect for the bacteria:metal ratios of this study. It is not sur-
prising that the phosphate sites, with a pK, of 6.9 and a site
concentration only 2.8 times lower than that of the carboxyl
sites, become active in the mid-pH range for systems with
low ratios of bacteria:metal. Lower bacteria:metal ratios im-






