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To quantify metal adsorption onto bacterial surfaces, recent
studies have applied surface complexation theory to model the
specific chemical and electrostatic interactions occurring at the
solution-cell wall interface. However, to date, the effect of ionic
strength on these interactions has not been investigated. In this
study, we perform acid—base titrations of suspensions containing
Bacillus subtilis or Bacillus licheniformis in 0.01 or 0.1 M NaNOs,
and we evaluate the constant capacitance and basic Stern double-
layer models for their ability to describe ionic-strength-dependent
behavior. The constant capacitance model provides the best de-
scription of the experimental data. The constant capacitance
model parameters vary between independently grown bacterial
cultures, possibly due to cell wall variation arising from genetic
exchange during reproduction. We perform metal- B. subtilis and
metal - B. licheniformis adsorption experiments using Cd, Pb, and
Cu, and we solve for stability constants describing metal adsorp-
tion onto distinct functional groups on the bacterial cell walls. We
find that these stability constants vary substantially but systemati-
cally between the two bacterial species at the two different ionic
strengths.  © 1998 Academic Press
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INTRODUCTION

Bacteria and their cell wall fragments are ubiquitous in
natural fluid-rock systems (1-9). Organic material often
coats the mineral solids in such systems (10, 11), and so
bacterial cell walls may represent a significant portion of the
surface area exposed to both surface waters and soil fluids.
Bacterial cell walls are known to exhibit a strong affinity
for metal cations (12—18). The ubiquity of bacterial cells
in near-surface fluid-rock systems and their ability to bind
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E-mail: chrisd@geosci.lan.mcgill.ca. Current address: Earth and Ocean Sci-
ences, University of British Columbia, 6339 Stores Road, Vancouver, BC,
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metals may play an important role in the subsurface transport
of metals occurring as groundwater contaminants (19), the
fossilization of microorganisms (20), and the accumulation
of metal deposits (21). If such geochemical processes are
to be quantified, a suitable model describing metal-bacteria
interactions in natural environments must be devel oped.

Recent research indicates that the binding of protons and
metal ions onto bacteria surfaces can be effectively de-
scribed in terms of surface complexation, within the frame-
work of equilibrium thermodynamics (15, 17, 18, 22).
Acid—base titrations of bacterial suspensions permit the de-
termination of the absolute concentrations and deprotonation
constants of specific proton-active surface sites on the cell
walls. Experimental studies of isolated systems containing
a single metal and a single species of bacteria permit the
determination of site-specific thermodynamic stability con-
stants describing the formation of metal-bacteria surface
complexes. For example, Fein et al. (17) suggest that the
cell walls of Bacillus subtilis display carboxyl, phosphate,
and hydroxyl functional groups, each in a different absolute
concentration and each with a distinct deprotonation constant
(Table 1). Fein et al. (17) aso report stability constants
describing the binding of various metals onto specific func-
tional groups on the B. subtilis surface (Table 1) . Daughney
et al. (18) have performed a similar study using Bacillus
licheniformis and noted that the concentrations of the func-
tional groups, their deprotonation constants, and their metal-
binding constants are dlightly, but systematically, different
from those of B. subtilis (Table 1). However, Fein et al.
(17) and Daughney et al. (18) performed al of their experi-
ments at a single, fixed ionic strength of 0.1 M, and so the
effect of ionic strength on proton and metal adsorption by
bacterial surfaces is unknown.

The adsorption of ions by bacterial surfaces is likely a
function of ionic strength. Bacterial surfaces are often nega-
tively charged in natural environments (23), and it is well
established that ionic-strength-dependent electrostatic inter-
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actions influence the adsorption of ions onto electrically
charged surfaces (24, 25). The ionic strength dependence
of ion adsorption onto mineral surfaces can be quantified by
several different electrostatic models, each describing the
distribution of electric potential at the mineral —water inter-
face (26, 27). Itisnot clear, a priori, that these electrostatic
models can be effectively applied to predict the extent of
proton and metal adsorption by bacteria surfacesin electro-
lytes of differing ionic strengths.

The objective of this study, then, is to examine the effect
of ionic strength on the acid—base properties (i.e., proton
adsorption) and metal-binding capacities of two species of
gram-positive bacteria, B. subtilis and B. licheniformis, both
of which are common in natural environments (28). Using
B. subtilis and B. licheniformis we perform acid—base titra-
tions and batch metal adsorption experiments (with Cd, Pb,
and Cu) in 0.01 M NaNO; electrolyte solutions. In conjunc-
tion with data from Fein et al. (17) and Daughney et al.
(18), we compare the constant capacitance and basic Stern
double-layer models in their ability to quantify ionic-
strength-dependent adsorption behavior.

BACKGROUND AND THEORY

The cell walls of both B. subtilis and B. licheniformis are
known to display active carboxyl, phosphate, and hydroxyl

TABLE 1
Average Surface Characteristics and Metal-Binding Constants
of B. subtilis and B. licheniformis as Determined by Fein et al.
(17) and Daughney et al. (18)

Species B. subtilis B. licheniformis
Source Fein et al. (17) Daughney et al. (18)
Electrolyte 0.1 M NaNOs 0.1 M NaNO,

C? 8.0 3.0

pK,° 48 = 0.1 515 + 0.3
Conc;* 120+ 1.0 8.88 + 3.8
pK; 69 + 0.3 7.47 + 04
Conc, 44 + 0.2 8.34 + 4.6
pK; 9.4 + 0.3 10.17 = 05
Conc, 6.2 + 0.2 127 + 6.8
Log K Cd-carboxyl® 34+ 01 3.85+ 05
Log K Cd-phosphate 54 + 0.2 435 + 0.7
Log K Pb-carboxyl 42 + 0.1 464 = 0.3
Log K Pb-phosphate 56 + 0.1 571 + 0.7
Log K Cu-carboxyl 44 + 0.1 488 = 04
Log K Cu-phosphate 6.0 = 0.2 —

a Capacitance of the bacterial surface (F/m?).

® Negative logarithm and 1s error of the subscripted surface site, refer-
enced to the condition of zero surface charge, zero surface coverage, and
zeroionic strength. Subscripts 1, 2, and 3 correspond to carboxyl, phosphate,
and hydroxyl functional groups, respectively.

¢ Concentration and 1s error of the subscripted surface functional group,
expressed in x10~° mol per gram of bacteria.

9 ogarithm and 1s error of stability constant describing adsorption of
metal onto a particular surface functional group.
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FIG. 1. Schematic representations of the distribution of electric poten-

tial (y) and electric charge (o) at the bacterial surface—solution interface,
for (A) the constant capacitance model and (B) the basic Stern model.

functional groups (16). The acid—base behavior displayed
by these bacteria results from the sequential deprotonation
of the cell wall functional groups with increasing pH (15,
17, 18, 22). The deprotonation of the carboxyl, phosphate,
and hydroxy! surface functional groups may be represented
by the equilibria

R— COOH° & R— COO™ + H* [1]
R—- POH® & R— PO; + H [2]
R-—OH°s R— 0O +H", [3]

where R represents the bacterial cell wall to which the func-
tional group is attached. The mass action equations corre-
sponding to the above equilibria are

[R— COO ]a,+

Ke = TR~ COOH] 4]
_ [R—PO;]au+

Kphos - [R _ PO4H 0] [5]

Kryer :M_ [6]

[R — OH°]
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Experimental data gathered during acid—base titration of (a) B. subtilisin 0.1 M NaNO; from Fein et al. (17), (b) B. subtilis in 0.01 M

NaNQOs, (c) B. licheniformisin 0.1 M NaNO; from Daughney et al. (18), and (d) B. licheniformisin 0.01 M NaNO;.

Here K and a represent the stability constant and the activity,
respectively, and the square brackets represent the concentra-
tion of the surface speciesin moles per kilogram of solution.
Stability constants for Egs. [4] —[6] and total surface-site
concentrations for each type of cell wall functional group
for B. subtilis (17) and B. licheniformis (18) are presented
in Table 1.

The adsorption of metal cations can be described by equi-
libria relating to the specific surface functional groups dis-
played on the cell wall:

M™+ R— COO~ & R — COOM (™D [7]
M™+ R— PO; & R— POM ™ [8]
MM+ R—0 & R— OM™D, [9]

The mass action equations corresponding to the above equi-
libria are

K _ [R- coom™] (10]
M7 T TR — COO ] aym

[R — POM (™ D]

KM—phos = 11

M—ph [R _ POZ]aMm [ ]
R— OM(™D

KM—hyar = W [12]

The metal-binding stability constants for Egs. [10] —[12],
applicable to B. subtilis (17) and B. licheniformis (18), are
also presented in Table 1. Fein et al. (17) and Daughney et
al. (18) conclude that all surface complexes have a 1.1
stoichiometry, based on agreement between stability con-
stant values determined in systems of differing bacteria to
metal ratios. Further evidence in support of the 1:1 stoichi-
ometry for the metal —bacteria surface complexesis provided
by the electrophoretic mobility experiments of Collins and
Stotzky (29), who report that bacterial cells, which are nega-
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TABLE 2
Acid—Base Titration Data as Described by Individual Constant Capacitance Models
Trial? giL® Ce pK ¢ Conc,® pK, Conc, pKs Conc; %)
B. subtilis, 0.1 M NaNO;
1 201.2 33 4.80 1.01 7.38 3.67 9.82 7.38 14
2 201.2 4.4 4.98 9.45 5.88 8.60 8.60 8.03 9.3
3 201.2 41 4.73 12.8 6.88 40.8 9.14 5.90 14
4 201.2 8.0 451 13.2 6.44 4.68 8.75 5.48 16
Avr? 5.0 4.76 9.12 6.65 144 9.08 6.70
1s" 21 0.2 5.7 0.6 18 05 12
B. subtilis, 0.01 M NaNO;
1 101.2 16 4.56 7.05 6.36 7.64 10.32 84.2 9.8
2 63.6 18 4.83 7.81 6.34 8.46 9.79 39.2 11.2
3 66.8 15 4.65 5.87 5.88 10.6 9.54 485 8.9
4 77.1 16 4.40 6.15 5.84 12.0 9.33 425 7.1
Avr 1.6 4.61 6.72 6.11 9.68 9.75 53.6
1s 0.1 0.2 0.9 0.3 2.0 0.4 21
B. licheniformis, 0.1 M NaNO;
1 74.7 4.0 4.89 4.52 7.83 2.28 10.45 6.34 53
2 354 2.2 4.82 8.33 7.38 5.59 9.67 14.2 22
3 162.8 35 5.08 3.86 7.22 2.45 9.50 417 6.9
4 50.4 6.8 5.01 14.0 7.38 14.6 9.88 185 7.7
Avr? 41 4.95 7.68 7.45 6.23 9.85 10.8
1s" 19 0.1 4.7 0.3 5.8 04 6.7
B. licheniformis, 0.01 M NaNO;
1 86.2 2.8 5.07 3.09 6.99 1.46 9.67 354 14.6
2 36.1 43 511 5.86 8.61 3.73 11.60 418 6.8
3 61.5 25 4.96 6.96 6.53 10.3 9.26 71.6 26.8
4 21.3 34 5.43 115 6.99 6.79 9.44 151 43
Avr 3.8 5.14 6.85 7.28 5.57 9.99 67.0
1s 14 0.2 35 0.9 38 11 63

2 With the exception of the weight of bacteria per unit weight of electrolyte, the trials in each subset are identical replicates.

 Weight of bacteria per unit weight of electrolyte.

¢ Capacitance of the bacterial surface (F/m?), treated as an optimizable parameter and adjusted to yield the lowest variance.
9 Negative logarithm of the subscripted surface site, referenced to the ionic strength of the background electrolyte and zero surface charge.
€ Concentration of the subscripted surface site, expressed in x10~° mol per gram of bacteria

fVariance as calculated by FITEQL.
9 Average values for all trials.
" 1s error corresponding to each average value.

tively charged in the absence of metals, become positively
charged when divalent metals are present. The positive
charge likely originates from a surface complex having one
divalent metal ion coordinated to one surface functional
group. Coordination of one metal ion to two surface func-
tional groups, for example, would yield a surface complex
with a neutral charge.

The bacterial surfaces, when deprotonated, carry a nega-
tive charge (23). The interaction between the metal cation
and the electric charge surrounding the bacterial surface will
affect all experimentally observed equilibrium constants

(Kopsavea) - We account for the electrostatic interactions with
the relationship

Kintrinsic = Kobserved eXP(ZFlMRT) [13]

Here, Kininsc 1S the equilibrium constant referenced to the
condition of zero surface charge, but to adistinct, finiteionic
strength. The variables F, ¢, R, T, and z refer to Faraday’s
constant, the electric potential of the cell wall surface, the
gas constant, the absolute temperature, and the charge of
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FIG. 4. Representative data gathered during an acid—base titration (of
B. subtilisin 0.01 M NaNOs) intended to test the reversibility of the proton
adsorption—desorption reactions.

the adsorbing ion, respectively. The Boltzmann factor,
exp(zFy/RT), quantifies the activity difference between an
ion near the bacterial surface and the same ion in the bulk
solution.

Severa different electrostatic models have been devel-
oped to describe the configuration of the electric field sur-
rounding charged surfacesin solution. In this study, we con-
sider the constant capacitance model (30) and the basic
Stern model (31). Schematic representations of the charge—
potential relationships for these models are shown in Fig.
1. Both models have been used to describe metal and proton
adsorption onto oxide mineral surfaces (26), and the con-
stant capacitance model has been used to describe meta
adsorption onto bacterial surfaces (17, 18). Both models are
valid for the range of ionic strengths considered here, but
they require optimization of adifferent number of parameters
in order to describe experimental proton or metal adsorption
data (32, 33). We do not consider the triple layer model
(25), because it requires the optimization of parameters that
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TABLE 3
Statistical Comparison of Individual Constant Capacitance Model Parameters
Parameter Avr? 1s° AVr, 1s, fe td CI®
Comparison of B. subtilis model parameters at 0.1" and 0.01° M
C, 5.0 21 16 01 6 1.617 <90%
pK, 4.76 0.2 4.61 0.2 6 0.573 <60%
pK; 6.65 0.6 6.11 0.3 6 0.773 <60%
pKs 9.08 05 9.75 04 6 -0.971 <80%
Conc, 9.12 5.7 6.72 0.9 6 0.419 <40%
conc, 144 18 9.68 20 6 0.265 <20%
Conc; 6.70 1.2 53.6 21 6 —2.251 <95%
Comparison of B. licheniformis model parameters at 0.1 and 0.01° M
C, 41 19 38 14 6 0.127 <20%
pK, 4.95 01 5.14 0.2 6 —-0.815 <60%
pK; 7.45 03 7.28 09 6 0.180 <20%
pKs 9.85 0.4 9.99 11 6 -0.121 <20%
Conc, 7.68 4.7 6.85 35 6 0.143 <20%
conc, 6.23 5.8 557 38 6 0.095 <20%
Conc; 10.8 6.7 67.0 63 6 —-0.893 <60%
Comparison of B. subtilis’ and B. licheniformis® model parameters at 0.1 M
C, 5.0 21 41 19 6 0.318 <40%
pK; 4.76 0.2 4.95 01 6 —0.845 <60%
pK; 6.65 0.6 7.45 03 6 —1.158 <80%
pKs 9.08 05 9.85 0.4 6 -1.136 <80%
Conc, 9.12 5.7 7.68 47 6 0.197 <20%
Conc, 14.4 18 6.23 5.8 6 0.439 <40%
Conc; 6.70 1.2 10.8 6.7 6 —0.602 <60%
Comparison of B. subtilis’ and B. licheniformis® model parameters at 0.01 M

C, 16 01 38 14 6 —-1.567 <90%
pK; 4.61 0.2 5.14 0.2 6 —-1.970 <95%
pK; 6.11 03 7.28 09 6 -1.229 <80%
pKs 9.75 0.4 9.99 11 6 —0.206 <20%
Conc, 6.72 09 6.85 35 6 —0.036 <20%
conc, 9.68 20 5.57 38 6 0.950 <80%
Conc; 53.6 21 67.0 63 6 —-0.203 <20%
@ Average value and "1s error for each parameter in the subscripted variable set.
¢ Degrees of freedom.
9Value of the t distribution.
¢ Upper confidence level at which the average values can be considered statistically different.
fFirst and %econd variable sets.

are not explicitly resolvable given the data collected in this 0o

C,=—. [14]
study. o

The constant capacitance model assumes that all adsorbed
ions occupy an adsorption plane immediately adjacent to the
solid surface (Fig. 1). The surface complexes formed are
thus anal ogous to inner-sphere aqueous complexes. The el ec-
tric potential in the zero plane (i) is related to the electric
charge (o) by the capacitance of the bacteria surface (C,)
(30):

Here, the surface potential is independent of ionic strength,
and so the constant capacitance model cannot be used to
predict changes in ion adsorption resulting from changes
in ionic strength. Instead, the constant capacitance model
requires a different set of surface deprotonation constants
(Egs. [4] —[6]) and metal-binding constants (Egs. [10] —
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TABLE 4
Summary of Net Constant Capacitance Model Parameters Computed from Simultaneous Modeling of All Titrations
Sp2 |° C° pK,¢ Conc,® pK, Conc, pKs Conc;, V(Y

B. sub. 0.1 8.0 4.76 11.0 6.65 5.35 9.08 4.22 334

0.01 14 4.45 5.85 5.88 10.2 9.38 38.9 72.6
B. lich. 0.1 41 4.95 5.88 7.45 2.23 9.85 8.56 1540

0.01 4.0 4.96 4.15 7.25 2.68 10.64 222 1798
Avr? 4.4 4.78 6.47 6.81 5.12 9.74 185
1s" 2.7 0.2 31 0.8 3.7 16

@ Bacterial species.
® lonic strength of NaNO; electrolyte.

¢ Capacitance of the bacterial surface (F/m?), treated as an optimizable parameter.
9 Negative logarithm of the subscripted surface site, referenced to the ionic strength of the background electrolyte and zero surface charge.
€ Concentration of the subscripted surface site, expressed in x10~° mol per gram of bacteria

fvariance as calculated at FITEQL.
9 Average values for all models.
" 1s error corresponding to each average value.

[12]) for each ionic strength considered. In addition to the
determination of pertinent stability constants, a description
of metal —bacteria adsorption with the constant capacitance
model requires determination of the total concentrations of
the carboxyl, phosphate and hydroxy! functional groups. Fi-
nally, because the capacitance (C,) cannot be measured di-
rectly, it must be considered a parameter for optimization.
The basic Stern model considers specifically adsorbed

species to occupy either the inner Helmholtz plane (IHP),
with capacitance C,, or the outer Helmholtz plane (OHP),
which is some distance away from the surface (the capaci-
tance of OHP is omitted in the basic Stern model ). Surface
complexes in the IHP are again analogous to inner-sphere
agueous complexes, while surface complexes in the OHP
are more similar to agueous ion pairs, as the ions are only
electrostatically bound to the surface. The OHP is the inner-

TABLE 5
Representative FITEQL Basic Stern Modeling for Two Individual B. subtilis Titrations
Model? C® pK,° Cong,® pK2 conc, pKs Conc, log Kna V(Y)®
B. subtilis, 0.1 M NaNO;, 201.2 g bacteria/L
1pK 8.0 5.45 27.5 — — — — — 1614
1pK + Na 6.0 5.58 22.3 — — — — 12 978
2pK 8.0 3.78 17.2 6.81 6.15 — — — 14.9
2pK + Na 5.9 431 15.2 6.77 7.15 — — 0.4 3.6
3pK No convergencef
3pK + Na 3.9 5.05 14.4 6.20 4.80 8.16 7.82 155 0.1
B. subtilis, 0.01 M NaNO;, 63.6 g bacteria/L
1pK 8.0 6.13 43.8 — — — — — 1183
1pK + Na 6.1 591 50.6 — — — — —2.7 1056
2pK 8.0 4.06 15.7 7.75 24.0 — — — 125
2pK + Na 4.0 3.98 15.9 7.65 33.6 — — —24 12.7
3pK No convergence
3pK + Na No convergence

2 Models consider proton adsorption onto one, two, or three distinct types of surface functional groups, and are termed 1pK, 2pK and 3pK, respectively.

Models considering Na* adsorption are indicated.

b Capacitance of the bacterial surface (F/m?), treated as an optimizable parameter.
¢ Negative logarithm of the subscripted surface site, referenced to the ionic strength of the background electrolyte and zero surface charge.
9 Concentration of the subscripted surface site, expressed in x10~° mol per gram of bacteria.

¢ Variance as calculated by FITEQL.
" Indicates severe misfit between the model and the experimental data.
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FIG. 5. Comparison of basic Stern model predictions and experimental
data for two B. subtilis titrations. Model parameters were determined by
fitting titration data for 0.1 M electrolyte; this model fails to match the 0.01
M titration data, when adjustments for ionic strength are made.

most plane of the diffuse layer. The relationships between
charge (o) and potentia (y) in these planes are (31)

oo = Ci(Po — 1) [15]
o1=—00+ 04 = Ci(f1 — tho) + 0y [16]
oq = —0.1174J1 sinh(zFy4/2RT). [17]

Here, the subscripts O, 1 and d denote the charge or potential
at the surface, the IHP and the OHP, respectively, and |
is the ionic strength of the solution. Unlike the constant
capacitance model, the basic Stern model can predict adsorp-
tion over a wide range of ionic strengths with only one set
of surface deprotonation constants. The Stern model ac-
counts for changing ionic strength through Eg. [17] and
by considering adsorption of electrolyte ions into the OHP.
Because the bacterial surfaces are neutral or negatively
charged, we consider adsorption of only the Na* electrolyte
cations:

Na® + R — COO~ & R — COON&° [18]
Na* + R — PO; & R — PO,Na° [19]
Na* + R— O~ & R— ONa°. [20]

Corresponding stability constants for the above reactions are

. 0
Kna-carb = [R CociNa ] [21]
[R— COO ™ | ana-
. 0
KNafphos = w [22]
[R - PO4 ] Ana*t

[R— ONa']

R0 law [23]

KNa—hydr =

A full description of the adsorption of asingle aqueous metal
cation by the bacterial surface using the basic Stern model
may require the determination of up to nine stability con-
stants (Egs. [4] —[6], [10] —[12], and [21] —[23]), one
capacitance (C,), and the total concentrations of the car-
boxyl, phosphate, and hydroxyl functional groups. All ad-
sorbed ions may contribute to the potential of the surface,
in turn controlling adsorption, and giving rise to a codepen-
dence between the stability constants describing the adsorp-
tion of metal ions and electrolyte ions. It is not possible to
determine stability constants for Egs. [4] —[6] and [21] —
[ 23] simultaneously without measuring changesin the aque-
ous concetrations of both the metal ions and the electrolyte
ions. Because the changes in the electrolyte concentration
are very small, we measure only the changes in the metal
concentration, and so severa sets of stability constant values
(Egs. [4]—[6] and [21] —[23]) may fit the experimental
data equally well (32).

In this study, we use the computer speciation program
FITEQL 2.0 (34, 35) to calculate stahility constants (Egs.
[4]—-[6],[10] —[12], and[21] —[23]) and surface-site con-
centrations from experimental acid—base titration data. The
FITEQL program used here has been modified by Johannes
Lutzenkirchen (Department of Inorganic Chemistry, Umea
University, Sweden; personal communication) to accept a
greater number of input data points and to consider input data
for several different solid:solution ratios simultaneously. We
attempt to describe the experimental data with several mod-
elsinvolving different adsorption reactions, and FITEQL is
used to compute a variance, V (YY), which quantifies the fit
of each model. The variance is normalized with respect to the
number of experimental data points, the number of chemical
components for which the total concentration is known, and
the number of equilibrium constants to be determined, and
so it provides a quantitative means of assessing the goodness
of fit of the various models.

The thermodynamic standard states employed in this study
for the solid phases and liquid water are taken to be the pure
substance at 25°C and 1 atm. The standard state for aqueous
species is a hypothetical one molal solution which exhibits
the behavior of infinite dilution at the temperature and pres-
sure of interest. Departures from this standard state are quan-
tified by Davies equation activity coefficients. Neutral ague-
0us species are assigned activity coefficients of unity. The
standard state for surface complexes is one of zero coverage
and zero surface potential. Departures from this standard
state are corrected with the Boltzmann equation, as outlined
above. All equilibrium constants reported in this work are



METAL ADSORPTION ON BACTERIAL SURFACES 61

TABLE 6
Acid-Base Titration Data as Described by Individual Basic Stern Models
Tria® g/L® C° pK® Conc,® pK, Conc, vy’
B. subtilis, 0.1 M NaNO;
1 201.2 8.0 4.42 121 7.97 7.18 43.9
2 201.2 No convergence
3 201.2 8.0 4.26 16.4 7.61 6.51 70.7
4 201.2 8.0 3.97 18.2 7.25 6.23 98.6
Avr? 8.0 4.22 15.6 7.61 6.64
1" 0.0 0.2 31 0.4 0.5
B. subtilis, 0.01 M NaNO;
1 101.2 2.7 3.85 14.1 7.91 57.9 11.3
2 63.6 8.0 411 15.9 7.81 25.3 19.8
3 66.8 8.0 412 16.7 7.83 25.2 20.0
4 77.1 8.0 3.95 181 7.55 24.1 20.2
Avr 6.7 4.01 16.2 7.73 33.1
1s 2.7 0.1 17 0.3 17
B. licheniformis, 0.1 M NaNO;
1 74.7 8.0 4.76 5.19 8.19 4.17 353
2 35.4 45 4.61 10.8 7.95 13.7 17.3
3 162.8 55 5.08 5.04 8.02 4.90 33.8
4 50.4 8.0 4.66 245 7.29 19.8 86.3
Avr 6.5 4.78 114 7.86 10.6
1s 18 0.2 9.2 0.4 75
B. licheniformis, 0.01 M NaNO;
1 86.2 8.0 4.76 4.38 8.18 4.33 784
2 36.1 8.0 4.30 6.79 7.96 9.26 89.8
3 615 12.0 457 194 7.84 8.99 135
4 213 8.0 4.38 19.6 7.36 17.9 112
Avr 9.0 4.50 125 7.84 10.1
1s 2.0 0.2 8.1 0.4 57

2 With the exception of the weight of bacteria per unit weight of electrolyte, the trials in each subset are identical replicates.

 Weight of bacteria per unit weight of electrolyte.
¢ Capacitance of the bacterial surface (F/m?).

9 Negative logarithm of the subscripted surface site, referenced to the ionic strength of the background electrolyte and zero surface charge.
e Concentration of the subscripted surface site, in x10~> mol per gram of bacteria

fVariance as calculated by FITEQL.
9 Average values for all trials.
" 1s error corresponding to each average value.

referenced to 25°C, zero surface potential, and the ionic
strength of the background €electrolyte.

MATERIALS AND METHODS

Growth procedures. The bacteria were cultured as de-
scribed by Fein et al. (17) and Daughney et al. (18). B.
licheniformis and B. subtilis cells were obtained from T. J.
Beveridge (University of Guelph, Ontario). The cells were
cultured in 3-ml volumes of autoclaved (120°C for 20 min)
trypticase soy broth (Becton Dickenson) containing 0.5 wt%

yeast extract (Becton Dickenson). After growing for 24 h at
32°C, the cellsweretransferred to 1-L volumes of autoclaved
broth and allowed to culture for an additional 24 h at 32°C.
The cells were removed from the growth medium by centrif-
ugation at 6000 rpm for 15 min. The pelleted cells were
rinsed two timesin distilled, deionized (DDI) water, soaked
for 1 hin 0.1 M HNO;, rinsed two times in DDI water,
soaked overnight in 0.001 M EDTA, rinsed five times in
DDI water, and finaly rinsed two times in 0.01 M NaNO;
(the electrolyte used in the experiments). Following each
rinse, the cells were pelleted by centrifugation at 6000 rpm
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TABLE 7
Statistical Comparison of Individual Basic Stern Model Parameters

Parameter Avr 1s° Avr,

1s, fe td cI®

Comparison of B. subtilis model parameters at 0.1" and 0.01° M

C, 8.0 0.0 6.7 2.7 6 0.481 <40%
pK, 4.22 0.2 4.01 0.1 6 0.939 <80%
pK; 7.61 0.4 7.73 0.3 6 —0.254 <20%
Conc, 15.6 31 16.2 17 6 0.419 <40%
Conc, 6.64 0.5 331 17 6 0.265 <20%
Comparison of B. licheniformis model parameters at 0.1 and 0.01° M
C, 6.5 18 9.0 2.0 6 —-0.929 <80%
pK; 4.78 0.2 4.50 0.2 6 0.990 <80%
pK; 7.86 0.4 7.84 0.4 6 0.035 <20%
Conc, 11.4 9.2 12.5 8.1 6 —0.090 <20%
Conc;, 10.6 75 101 57 6 0.053 <20%
Comparison of B. subtilis’ and B. licheniformis® model parameters at 0.1 M
C, 8.0 0.0 6.5 18 6 0.833 <60%
pK; 4.22 0.2 478 0.2 6 —-1.980 <95%
pK; 7.61 04 7.86 04 6 —-0.442 <40%
Conc, 15.6 31 114 9.2 6 0.433 <40%
Conc;, 6.64 0.5 10.6 75 6 -0.527 <40%
Comparison of B. subtilis” and B. licheniformis® model parameters at 0.01 M
C, 6.7 27 9.0 2.0 6 —0.685 <60%
pK; 4.01 0.1 450 0.2 6 -2191 <95%
pK; 7.73 0.3 7.84 04 6 -0.220 <20%
Conc, 16.2 17 125 8.1 6 0.447 <40%
Conc, 331 16.5 101 57 6 1.318 <80%

@ Average value and "1s error for each parameter in the subscripted variable set.

¢ Degrees of freedom.
9Value of the t distribution.

¢ Upper confidence level at which the average values can be considered statistically different.

fFirst and %econd variable sets.

for 15 min, and the supernatant was discarded. This proce-
dure was followed in order to strip the cell walls of any
metals present in the growth medium.

Acid—base titrations. Acid—base titrations were per-
formed in order to determine the deprotonation constants
and absol ute concentrations of the specific functional groups
present on the bacterial cell walls. The bacterial cells were
suspended in 10.0 ml of 0.1 or 0.01 M NaNO;, which had
been bubbled with N, for 60 min in order purge it of dis-
solved CO,. The titration vessel was sealed immediately,
and a positive internal pressure of N, was maintained for
the duration of the experiment. The titrations were conduct-
ed using a Radiometer-Copenhagen TTT85-autotitrator/
ABUS8O0-burette assembly. The pH of the bacterial suspen-
sion was recorded after each addition of titrant (1.00 or
0.50 M NaOH, standardized against reagent-grade K—H—
phthalate) only when a stability of 0.1 mV /s had been at-

tained. Following the titration, the bacteria present in the
titration vessel were pelleted by centrifugation at 6000 rpm
for 60 min, and the weight of the dry pellet was recorded.
High-performance liquid chromatography (HPLC) was used
to analyze the supernatants for dissolved organic exudates.
Four titrations were performed for each bacterial species at
each ionic strength.

Adsorption experiments. Batch experiments were con-
ducted as afunction of pH in order to determine site-specific
stability constants for Cd, Pb, and Cu adsorption onto the
bacterial surfaces. The washed bacteria were pelleted by
centrifugation at 6000 rpm for 60 min. The bacterial pellet
was weighed and then resuspended in a known weight of 0.1
or 0.01 M NaNO; €electrolyte to yield a parent suspension.
Homogeneous 5.00-g aliquots of this parent suspension to-
gether with a known volume of 1000 ppm agueous metal
standard (Cd, Ph, or Cu) were added to severa identical
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TABLE 8
Summary of Net Basic Stern Model Parameters Computed
from Simultaneous Modeling of All Titrations

Sp.@ I® C° pK&  Conc® pKo Conc, V(Y)f

B. sub. 0.1 80 422 145 7.61 7.37 563
001 80 410 16.4 7.78 21.4 84.8
All No convergence®

B. lich. 0.1 80 487 6.06 9.07 17.2 1650
001 80 450 5.72 9.30 5.28 1772
All 80 484 5.61 9.75 5.60 1582

Avr" All 8.0 451 9.66 8.70 11.4

1s 0.4 53 1.0 7.4

@ Bacterial species.

P lonic strength of NaNO; electrolyte. ‘*All’" refers to FITEQL model
which considers both ionic strengths and all solid:solution ratios.

¢ Negative logarithm of the subscripted surface site, referenced to the
ionic strength of the background electrolyte and zero surface charge.

9 Concentration of the subscripted surface site, expressed in x10~° mol
per gram of bacteria.

© Capacitance for the bacterial surface (F/m?).

9 Indicates severe misfit between the model and the experimental data.

" Average values for all models.

" 1s error corresponding to each average value.

reaction vessels, and the pH of the suspension in each vessel
was adjusted to a different value using 1.0 M HNO; or
NaOH. The reaction vessels were shaken and allowed to
equilibrate for 30 min. The 30-min reaction time was chosen

B. subtilis

100

% Cd Adsorbed
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based on the kinetic experiments reported by Fein et al.
(17). The contents of each reaction vessel were then filtered
through a 0.45-um cellulose nitrate/ acetate filter (Micron
Separation Inc.). The filtrate from each reaction vessel was
acidified and analyzed for the dissolved meta by flame
atomic absorption spectrophotometry. Experiments for the
Cd, Pb, and Cu systems were repeated in duplicate, with
1.5, 3.5, or 6.0 g of bacteria per liter of suspension, and total
metal concentrations ranged from 10 to 35 ppm.

PROTON ADSORPTION RESULTS AND DISCUSSION

Experimental data collected during acid—base titrations
of B. subtilis and B. licheniformisin 0.1 and 0.01 M NaNO,
indicate that the bacteria impart significant buffering capac-
ity to the suspensions between pH 3 and 12 (Fig. 2). In the
following section, we compare the constant capacitance and
basic Stern modelsin their ability to describe the experimen-
tal titration data and predict ionic-strength-dependent behav-
ior. First, we model each of the 16 titrations individually,
examining the extent to which the optimizable model param-
eters vary between the different trials. Next, we simultane-
ously model the 4 titrations of a given bacteriain a particular
electrolyte, in order to derive a single set of optimizable
model parameters applicable to all solid:solution ratios (but
a single ionic strength). This set of parameters should, in
theory, correspond closely to the average of the parameters
determined by modeling the 4 titrationsindividually. Finally,

B. licheniformis

100

@ 6.00 g bacteria/L @ 6.00 g bacteria/L
@ 3.50 g bacteria/. 4 3.50 g bacteria/L

A 1.50 gbacteria/. 4 1.50 g bacteria/L.

FIG. 6.

@® 6.00 g bacteria/L @ 6.00 g bacteria/L
€ 6.00 g bacteria/L % 3.48 g bacteria/L
A 1.54 g bacteria/L 4  1.50 g bacteria/L

Percentage adsorption of Cd?* onto B. subtilis and B. licheniformis in 0.1 M NaNOj; (black symbols) and 0.01 M NaNO; (gray symbols).

Experiments are performed with two, independently grown bacterial cultures. Experimental solutions contain 10 ppm Cd.
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FIG. 7.
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Percentage adsorption of Pb?* onto B. subtilis and B. licheniformisin 0.1 M NaNO; (black symbols) and 0.01 M NaNO; (gray symbols).
Experiments are performed with two, independently grown bacterial cultures. Experimental solutions contain 10 ppm Pb unless otherwise noted.
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Percentage adsorption of Cu?* onto B. subtilis and B. licheniformis in 0.1 M NaNO; (black symbols) and 0.01 M NaNO; (gray symbols).
Experiments are performed with two, independently grown bacterial cultures. Experimental solutions contain 10 ppm Cu unless otherwise noted.
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TABLE 9a
Adsorption of Cd*" by B. subtilis as Modeled by FITEQL, Treating Each Bacteria:Metal Ratio Independently

6.0 g bacteria/L, 10 ppm Cd°

3.5 g bacteria/L, 10 ppm Cd

1.5 g bacteria/L, 10 ppm Cd

Model® Log K;° Log K V(Y)® Log Ky Log K, V(Y) Log K, Log K, V(Y)
Cd?*—B. subtilis adsorption, 0.1 M NaNOs
C 3.05 — 26.6 3.08 — 39.7 354 — 76.9
P 4.67 — 9.5 4.39 — 12.0 4.43 — 217
H 7.21 — 11.9 6.89 — 20.9 6.66 — 232
C+P 2.78 4.09 0.6 2.69 4.02 15 2.34 4.36 29.7
C+H 284 6.38 2.23 281 6.21 40 3.07 5.85 14.6
P+H No convergencef No convergence No convergence
Cd*"—B. subtilis adsorption, 0.01 M NaNO;
C 297 — 41 2.95 — 39.7 3.18 — 18.1
P 342 — 10.7 311 — 12.0 2.90 — 17.8
H 6.56 — 14.2 6.17 — 209 5.29 — 76.2
C+P No convergence No convergence 291 2.28 14.6
C+H No convergence No convergence 3.06 3.50 7.9
P+H No convergence No convergence 2.84 3.27 15.6

2 Models consider adsorption onto one or two distinct types of surface functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

® Composition of experimental solutions, indicating mass of bacteria per unit weight of electrolyte and total concentration of metal.

¢Log K value for metal adsorption onto the first type of surface site included in the model column, referenced to the condition of zero surface charge
and zero surface coverage and the ionic strength of the background electrolyte.

9Log K value for metal adsorption onto the second type of surface site considered in the model column.

¢Variance as calculated by FITEQL.
fIndicates severe misfit between the model and the experimental data.

we simultaneously model all 8 titrations of each bacteria, in
order to determine a parameter set which can be applied to
all solid:solution ratios and both ionic strengths. Note that
the basic Stern model can be applied in thislast case, because
the charge-potential relationship isionic strength dependent,
but the constant capacitance model cannot.

For each model proposed, we use FITEQL to solve up to
10 optimizable parameters. the capacitance of the bacterial
surface, the deprotonation constants (Egs. [4] —[6] for the
constant capacitance model, Egs. [4] —[6] and [21] —[23]
for the basic Stern model), and absolute concentrations
(mol/L) of each of the three types of surface functional
groups. The concentrations of the functional groups can be
normalized with respect to the weight of bacteria per unit
weight of electrolyte to yield concentrations in moles per
gram of bacteria. Equilibria describing the aqueous dissocia-
tion of water, the acid, the base, and the electrolyte are
included in the model, with stability constants taken from
Smith and Martell (36).

Constant capacitance models. We first model the acid—
base behavior of the 16 titrations individually, using the
constant capacitance model (FITEQL models are summa
rized in Table 2 and compared to the experimental data in
Fig. 3). Feinet al. (17) and Daughney et al. (18) have used
the constant capacitance model to describe the acid—base

behavior of B. subtilisand B. licheniformisin 0.1 M NaNQO;,
applying models which consider three distinct types of pro-
ton-active surface functional groups, as described above.
Similarly, the experimental data presented here are better
described by models involving three distinct proton-active
sites than by models considering only one or two types of
proton-active sites, and so parameters for the one-site and
two-site models are not tabulated here.

The variances for these individual constant capacitance
models are small, indicating an excellent correlation between
the model and the experimental data. However, because each
titration is modeled independently, the optimizable parame-
ters can vary between trials. The average values and standard
deviations (1s) displayed in Table 2 indicate that there is
substantial variation in the relative and absolute concentra-
tions of the cell wall functional groups of both B. subtilis
and B. licheniformis. The cell wall structures of both species
are known to change if the growth conditions are varied
(37), but our experimental procedure ensures that growth
conditions are controlled and reproducible. We have verified
our method of titration by reproducing the stability constant
and absolute concentration of functional groups in a sodium
acetate system. An examination of the bacterial suspensions
by HPLC and optical microscopy both before and after the
titration gives no evidence of organic exudates or cell wall
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TABLE 9b
Adsorption of Cd?* by B. licheniformis as Modeled by FITEQL, Treating Each Bacteria:Metal Ratio Independently

6.0 g bacteria/L, 10 ppm Cd°

3.5 g bacteria/L, 10 ppm Cd

1.5 g bacteria/L, 10 ppm Cd

Model® Log K;° Log K! V(Y)® Log K; Log K, V(Y) Log K; Log K, V(Y)
Cd?*—B. licheniformis adsorption, 0.1 M NaNO,

C 4.00 — 26.6 3.98 — 6.4 4.25 — 131

P 6.39 — 11.7 6.59 — 8.7 5.92 — 155

H 8.07 — 13.0 8.31 — 14.9 5.37 — 51.7

C+P 3.62 5.79 10.7 3.86 5.48 12 No convergence'

C+H 3.73 7.29 116 3.88 7.16 13 358 5.09 5.6
P+H No convergence No convergence 5.63 4.73 18.6
Cd?*—B. licheniformis adsorption, 0.01 M NaNO;

C 3.49 — 7.1 371 — 56.2 4.37 — 100
P 4.43 — 474 4.45 — 30.6 5.42 — 100
H 6.71 — 71.2 6.41 — 63.3 6.56 — 78.4
C+P 3.39 3.50 4.8 3.10 4.20 26.5 No convergence

C+H 343 531 5.0 3.49 4.97 24.3 3.98 5.69 28.2
P+H No convergence 4.37 4.24 28.3 5.04 5.39 43.0

2 Models consider adsorption onto one or two distinct types of surface functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

® Composition of experimental solutions, indicating mass of bacteria per unit weight of electrolyte and total concentration of metal.

¢Log K value for metal adsorption onto the first type of surface site included in the model column, referenced to the condition of zero surface charge
and zero surface coverage and the ionic strength of the background electrolyte.

9Log K value for metal adsorption onto the second type of surface site considered in the model column.

¢Variance as calculated by FITEQL.
fIndicates severe misfit between the model and the experimental data.

disruption. Further, the titrations are reversible (Fig. 4),
suggesting that the extremes in pH do not cause changes in
the cell wall structure through saponification of lipids or
destruction of peptide bonds. Thus we conclude that the
observed variation in surface-site concentrations is due to
true variation in the cell wall structure. Both B. subtilis and
B. licheniformis are capable of forming spores, and the com-
position of the spore wall is known to differ from that of
the cell wall (38). The duration of the titrations may be
sufficient to allow varying degrees of sporulation in response
to changes in solution chemistry, giving rise to the observed
variation in surface-site concentration. However, because the
extent of variation is not systematic for a given type of site,
a given ionic strength, or a given bacterial species, we sug-
gest that the variations in surface-site concentrations are due
to essentially random differences in cell wall structure aris-
ing from genetic mutation during reproduction.

The variationsin the log stability constants are small rela
tive to the variations in the surface-site concentrations. This
limited variability suggests either that the deprotonation of
a given functional group is not affected by changes in the
surrounding cell wall structure, or that there are ssimply so
many functional groups on the cell wall that an average value
isappropriate. The variation in the deprotonation constantsis
smallest for the carboxyl sites and largest for the hydroxyl

sites. This trend may reflect greater local cell wall variation
around the hydroxyl sites. However, because the hydroxyl
site concentrations do not vary significantly more than the
concentrations of the other sites, this trend is more likely to
be caused by experimental errors, which increase with pH
due to a decrease in the buffering capacity of the bacteria
suspensions.

The capacitance of the bacterial surface is also treated as
an optimizable parameter. For each individua titration, we
use FITEQL to determine the capacitance value which yields
the lowest variance. The best-fitting capacitance varies be-
tween titrations, but this variation is of questionable signifi-
cance, because the values of the capacitance and the total
concentrations of surface sites are not independently resolv-
able. The concentrations of the functional groups can be
inferred from the experimental data describing proton ad-
sorption, and thus the bacterial surface charge can be calcu-
lated. However, it is the electric potential of the surface,
rather than the charge, which directly affects the observed
proton adsorption, through Eq. [13]. The surface electric
potential cannot be determined directly, and so must be re-
lated to the surface charge through the surface capacitance,
using Eq. [14]. Thus, a change in the total concentration of
proton-active sites will cause a corresponding change in the
value of the model capacitance. Therefore, we suggest that
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TABLE 9c
Adsorption of Cd®>" by B. subtilis and B. licheniformis as
Modeled by FITEQL, with All Bacteria:Metal Ratios Modeled
Simultaneously

0.1 M NaNOs 0.01 M NaNO;

Model® Log Ki® LogKy V(Y)Y LogK, LogK, V(Y
Cd?*—B. subtilis adsorption

C 3.19 — 68.7 3.02 — 121
P 4.43 — 18.2 3.44 — 254
H 6.95 — 23.6 6.16 — 65.6
C+P 2.67 4.19 111 293 2.39 9.9
C+H 2.86 6.16 7.0 2.98 354 7.3
P+H 4.44 4.45 16.3 343 2.65 26.1

Cd?**—B. licheniformis adsorption
C 4.06 — 54.4 3.75 — 83.7
P 6.48 — 56.2 4.64 — 725
H 7.98 — 68.1 6.56 — 69.4
C+P 3.87 5.06 28.1 3.36 4.24 54.9
C+H 3.94 5.02 16.0 3.49 2.26 29.2
P+H 6.47 4.72 16.1 4.49 5.28 49.0

#Models consider adsorption onto one or two distinct types of surface
functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

Log K value for metal adsorption onto the first type of surface site
included in the model column, referenced to the condition of zero surface
charge and zero surface coverage and the ionic strength of the background
electrolyte.

°Log K value for metal adsorption onto the second type of surface site
considered in the model column.

9 Variance as calculated by FITEQL.

the observed variation in the best-fit capacitance is due to
true variation in the relative and absolute concentrations of
the cell wall functional groups. The range of capacitance
values used here (1.5—-8.0 F/m?) altersthe model determina-
tion of site concentrations and deprotonation constants by
less than 5%.

We apply the Student t test (39) for averages to evaluate
the significance of the parameter variation between individu-
ally modeled titrations,

X1 — Xz

Vs + 2’

where X and s are the mean value and the standard deviation
of the subscripted population, respectively. For a given de-
gree of freedom (f, where f = n; + n, — 2, and n represents
the number of observations of the subscripted population)
the value of the t statistic can be compared to the t distribu-
tion to determine the confidence interval at which the two
means can be considered to be different. Here, a confidence
interval of 80% or above indicates a statistically significant

t= [24]

difference between the mean values of the two populations
being compared; a confidence interval of less than 80% sug-
gests that the two population means are not statistically dif-
ferent.

The concentrations of the functional groups change dra-
matically between the individual trials, and as aresult, large
1s errors arise. Because the 1s errors are large, at test indi-
cates an insignificant difference in the site concentrations of
the two species, and an insignificant effect of ionic strength
(Table 3). In contrast, the values of the deprotonation con-
stants vary only slightly between trials, and thus they have
small corresponding 1s errors. However, because the average
values are similar for al titrations modeled, the t test indi-
cates that ionic strength has an insignificant effect, relative
to experimental uncertainties, on the magnitudes of the de-
protonation constants for both bacterial species. In contrast,
the change in the deprotonation constants between the two
species at afixed ionic strength appears significant. In sum-
mary, thet test suggests that a single set of parameter values
may be adequately applied to all titrations of agiven bacteria,
regardless of ionic strength, but that the deprotonation con-
stants are species-specific.

Subsequently, we attempt to use a single constant capaci-
tance model to simultaneously fit al four titrations of agiven
species at a particular ionic strength. The FITEQL results
for these net constant capacitance models are listed in Table
4, and in Fig. 3b they are compared to the B. subtilis experi-
mental data collected at 0.01 M ionic strength. The model
variances are substantially larger when the titrations are
modeled simultaneously. This is due to the large variability
in the concentrations of surface functional groups observed
between the trials. It is apparent from the model variances
that B. licheniformis is more prone to cell wall variation
than B. subtilis, as noted by Daughney et al. (18). In spite
of the apparently poorer fit of these net constant capacitance
models, they provide an approximation of the acid—base
behavior of each species at each ionic strength. As noted
above, the constant capacitance model parameters are, in
theory, applicable only to theionic strength conditions under
which they were determined. However, we have shown that
the variation in the majority of these parameters is insignifi-
cant under the conditions of this study, and thus an average
of the parameter values presented in Table 4 may be effec-
tively used to approximate acid—base behavior where spe-
cies-specific deprotonation constants are not available.

Basic Sern models. We aso attempt to model the acid—
base behavior of the 16 titrations individually using the basic
Stern model. Although Fein et al. (17) and Daughney et al.
(18) have shown that three distinct types of surface sites
are required to describe the acid—base behavior of B. subtilis
and B. licheniformis, this conclusion is restricted to the con-
stant capacitance model. Therefore, when using the basic
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TABLE 10a
Adsorption of Pb?" by B. subtilis as Modeled by FITEQL, Treating Each Bacteria:Metal Ratio Independently

6.0 g bacteria/L, 10 ppm Po°

3.5 g bacteria/L, 10 ppm Pb

1.5 g bacteriall, 35 ppm Pb

Model® Log K;° Log K! V(Y)® Log K; Log K, V(Y) Log K; Log K, V(Y)
Pb?* —B. subtilis adsorption, 0.1 M NaNO;

C 3.48 — 10.8 4.03 — 58.3 3.93 — 149

P 5.44 — 10.7 5.55 — 0.6 5.75 — 119

H 7.98 — 11 8.04 — 22 8.37 — 204

C+P 2.69 5.33 11 2.76 541 0.6 No convergence'

C+H 2.74 7.85 11 2.96 2.88 2.3 No convergence

P+H No convergence No convergence 4.58 8.14 37.9
Pb**—B. subtilis adsorption, 0.01 M NaNO;

Cc 3.79 — 3.7 3.66 — 4.6 4.02 — 16.5

P 441 — 45 4.13 — 0.3 411 — 51

H 7.58 — 4.7 7.28 — 0.2 6.96 — 5.8

C+P No convergence No convergence No convergence

C+H No convergence 249 343 0.3 No convergence

P+H No convergence No convergence 3.93 4.73 2.8

2 Models consider adsorption onto one or two distinct types of surface functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

® Composition of experimental solutions, indicating mass of bacteria per unit weight of electrolyte and total concentration of metal.

¢Log K value for metal adsorption onto the first type of surface site included in the model column, referenced to the condition of zero surface charge
and zero surface coverage and the ionic strength of the background electrolyte.

9Log K value for metal adsorption onto the second type of surface site considered in the model column.

¢Variance as calculated by FITEQL.
fIndicates severe misfit between the model and the experimental data.

Stern model, we attempt to fit the experimental data by
considering proton adsorption onto one, two, or three distinct
types of surface functional groups, both with and without
equilibria describing Na* adsorption. As noted above, it is
not possible to optimize for the stability constants describing
Na* adsorption (Egs. [21] —[23]) and proton adsorption
(Egs. [4] —[6]) simultaneoudly, in the absence of data de-
scribing changes in agueous Na* concentration. Therefore,
to test for the effects of Na*™ adsorption, we consider Na*
adsorption onto the carboxyl, phosphate, and hydroxyl sur-
face sites independently. We fix the values of the deprotona-
tion constantsin Egs. [ 21] —[ 23] and optimize for the values
of the stability constants in Eqs. [4] —[6]. This procedure
is repeated for a range of values for the Na* adsorption
constants, and the parameter set which best fits the experi-
mental data can be identified.

In Table 5 we provide representative results for the
FITEQL basic Stern modeling of two individual B. subtilis
titrations. Where Na* adsorption is not considered, a model
invoving two proton-active sites best fits the experimental
data. Models considering proton adsorption onto only one
type of surface site are characterized by high variances, indi-
cating a poor fit between the model and the experimental
data, and models considering proton adsorption onto three
types of surface sites fail to converge, indicating that the

inclusion of the third site is not warranted by the data. The
variances for the two-site basic Stern models are comparable
to those of the three-site constant capacitance models given
in Table 2, though the basic Stern models predict a much
more negative surface potential.

Basic Stern models which consider Na™* adsorption gener-
aly fit the experimenta data better than those which do not
(Table 5). The experimental data are described equally well
by models considering Na* adsorption onto any of the three
different types of surface sites. However, the log K values
describing Na* adsorption onto the phosphate and hydroxyl
sites are unreasonably large (compared to nonspecific (outer
sphere) agueous Na* complexes), and so we consider only
Na*-carboxyl adsorption. In no instance is Na* adsorption
onto more than one type of surface site required to describe
the data. The basic Stern model prediction of surface poten-
tial is made less negative if Na* adsorption is considered,
athough the values are still more negative than those pre-
dicted by the constant capacticance model. This suggests
that low negative surface potential values are required to
describe the experimental data. Where Na*-carboxyl ad-
sorption is considered, the 0.1 M titration data are well de-
scribed by a model invoking three types of proton-active
sites; however, for the 0.01 M titrations, the data are better
described by a model involving only two proton-active sites.
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TABLE 10b
Adsorption of Pb** by B. licheniformis as Modeled by FITEQL, Treating Each Bacteria:Metal Ratio Independently

6.0 g bacteria/L, 10 ppm Po°

3.5 g bacteria/L, 10 ppm Pb

1.5 g bacteriall, 35 ppm Pb

Model® Log K;° Log K! V(Y)® Log K; Log K, V(Y) Log K; Log K, V(Y)
Pb**—B. licheniformis adsorption, 0.1 M NaNO;

C 4.48 — 54 4.46 — 53 454 — 124

P 7.27 — 6.1 721 — 23 7.43 — 267

H 9.01 — 7.4 891 — 24 8.07 — 103

C+P No convergencef No convergence No convergence

C+H No convergence 4.06 8.60 2.3 4.24 7.36 46.5

P+H No convergence No convergence 7.34 7.40 38.0
Pb**—B. licheniformis adsorption, 0.01 M NaNO;

C 411 — 24.9 471 — 48.9 4.83 — 48.8

P 6.32 — 20.9 6.25 — 0.7 6.79 — 6.5

H 8.76 — 211 8.59 — 17 8.58 — 11

C+P 4.04 457 23.0 212 6.24 0.8 No convergence

C+H 3.87 8.05 224 3.69 8.35 1.7 3.30 8.54 12

P+H No convergence 6.24 5.63 0.8 6.37 7.77 0.9

2 Models consider adsorption onto one or two distinct types of surface functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

® Composition of experimental solutions, indicating mass of bacteria per unit weight of electrolyte and total concentration of metal.

¢Log K value for metal adsorption onto the first type of surface site included in the model column, referenced to the condition of zero surface charge
and zero surface coverage and the ionic strength of the background electrolyte.

9Log K value for metal adsorption onto the second type of surface site considered in the model column.

¢Variance as calculated by FITEQL.
fIndicates severe misfit between the model and the experimental data.

This difference implies that the basic Stern model invoking
Na* adsorption cannot account for the observed ionic-
strength-dependent changesin proton adsorption. Thisisfur-
ther demonstrated in Fig. 5, where a basic Stern model using
fit parameters determined from atitration in the 0.1 M elec-
trolyte fails to match the 0.01 M titration data, when adjust-
ments for ionic strength are made. Although Na™ adsorption
may be occurring, and although this may be effectively de-
scribed by a more complex double-layer model, basic Stern
models considering Na™ adsorption do not effectively de-
scribe the data gathered here. Therefore, we select the model
with two types of proton-active sites, but without Na™ ad-
sorption, as the basic Stern model which best describes the
experimental data.

Using this two-site basic Stern model, we model each of
the 16 individual titrations (Table 6), and we compare the
individual model curves to the B. subtilis experimental data
gathered inthe 0.01 M electrolyte (Fig. 3c). The optimizable
parametersvary between the individual titrations, for reasons
that have been discussed above. Again, we use the Student
t test for averages to compare the variation in model parame-
ters for the two species in the two different electrolytes
(Table 7). The first deprotonation constant appears to be
species-specific (at the 95% confidence interval ). Variation
in the second deprotonation constant between the two species

isstatistically insignificant. Variation in the surface-site con-
centrations is aso insignificant between the species and be-
tween the different ionic strengths. Although some parame-
ters vary significantly between the different titrations, in
general, parameter variation between the species and ionic
strengths is insignificant, and in this regard, the two-site
basic Stern model is in agreement with the constant capaci-
tance model.

We also attempt to use a single two-site basic Stern model
to simultaneously fit al four titrations of a given species at
aparticular ionic strength. The FITEQL results for these net
basic Stern models are given in Table 8, and in Fig. 3d they
are compared to the B. subtilis experimental data collected
at 0.01 M ionic strength. Again, the model variances are
substantially larger when the titrations are modeled simulta-
neously, due to the variability in the concentrations of sur-
face functional groups. However, the variation in the model
parameters cannot be considered significant, and thus aver-
age values (Table 6) can be applied to predict acid-base
behavior of the two bacteria in the range of chemical condi-
tions of this study. The net basic Stern model does not de-
scribe the experimental data as well as the net constant ca-
pacitance model, asindicated by itsdlightly higher variances.
However, because the variances are large in both cases, there
is little statistical basis to choose between them.
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TABLE 10c
Adsorption of Pb?" by B. subtilis and B. licheniformis as
Modeled by FITEQL, with All Bacteria:Metal Ratios Modeled
Simultaneously

0.1 M NaNO, 0.01 M NaNO;

Model® Log K, LogKyS V() LogK, LogK, V(Y)
Pb**—B. subtilis adsorption

C 3.86 — 82.3 3.85 — 9.3
P 5.60 — 43.0 4.43 — 35
H 8.14 — 72.8 7.31 — 4.3
C+P 341 5.06 23.2 3.00 4.36 3.6
C+H 3.56 7.22 22.8 3.61 6.07 2.8
P+H 5.50 6.71 10.0 4.45 4.64 32

Pb**—B. licheniformis adsorption
C 4.53 — 56.7 4.62 — 62.0
P 7.32 — 120 6.42 — 11.5
H 8.45 — 81.6 8.69 — 8.6
C+P 4.40 5.67 33.6 341 6.32 11.3
C+H 4.36 4.74 22.9 3.67 8.42 8.3
P+H No convergence® 6.25 7.78 84

#Models consider adsorption onto one or two distinct types of surface
functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

Log K value for metal adsorption onto the first type of surface site
included in the model column, referenced to the condition of zero surface
charge and zero surface coverage and the ionic strength of the background
electrolyte.

°Log K value for metal adsorption onto the second type of surface site
considered in the model column.

9 Variance as calculated by FITEQL.

¢ Indicates severe misfit between the model and the experimental data.

Finally, we attempt to use the two-site basic Stern model
to simultaneously describe all eight titrations for each spe-
cies, including trials performed at different solid:solution
ratios and both ionic strengths. Such a model fails to con-
verge for the B. subtilis titration data, although it provides
adlightly improved fit for the B. licheniformis data. Because
the applicability of this model is not adequate for both spe-
cies, we favor the net constant capacitance model.

Consideration of errors. The relative 1s errors associ-
ated with the log deprotonation constants and site concentra-
tions reported here are approximately +6 and =60%, respec-
tively. These errors arise from three principa sources. First,
we consider the analytical error associated with our method
of titration. We have examined the accuracy of this experi-
mental technique by reproducing the deprotonation constant
and total concentration of functional groups in a sodium
acetate system, to within 2% of the expected values (the
literature pK, value and initial acetate concentration, respec-
tively). We conclude that the deprotonation constants and
concentrations of the bacterial functional groups reported

here carry maximum relative 1s errors of =2% due to analyt-
ical uncertainties.

Second, the variables required for the electric double-layer
models (surface area and mass of bacteria per unit weight
of electrolyte) are difficult to quantify, and so give rise
to errors in the model parameters. The BET and organic
adsorption techniques commonly used to determine surface
area cannot be applied to bacteria because both techniques
markedly alter the cell wall. We determine the bacterial
surface area from cell geometry. The cell surface area of
these rod-shaped species is approximately equal to that of a
right circular cylinder with spherical ends, of length 5.0 um
and radius 0.5 um. There are approximately 4 x 10° cells
per gram of bacteria (17). These values yield a bacteria
surface area of approximately 140 m?/g, although errors in
the cell dimensions, surface roughness, and quantity of cells
per gram cause this estimate to vary over roughly one order
of magnitude. Changes in the model surface area values
between 50 and 500 m?/g cause the surface-site concentra-
tions to vary by approximately +5% and the deprotonation
constants to change by roughly +1%. Additionally, the bac-
teria may multiply during the experiments, giving rise to an
error in the mass or surface area of bacteria per unit mass
of suspension that we apply in our modeling. We have exam-
ined this possibility by separating and drying the bacteriain
the suspension both prior to and following the titrations. We
observe no increase in the weight of bacteria present, and
thus we consider this error to be negligible. Finaly, the
bacterial biomass per unit weight of electrolyteis determined
by separating the bacteriafrom aknown weight of electrolyte
through centrifugation (6000 rpm for 60 min) and weighing
the pellet produced. The centrifugation may not effectively
remove all the electrolyte solution or, aternatively, fluids
may be driven out of the cells, and so the weight of bacteria
determined carries a 1s error of roughly =5%. This error in
bacterial biomass, when propagated through the FITEQL
models, causes errorsin the log deprotonation constants and
site concentrations of +2 and +5%, respectively. Thus the
surface-site concentrations determined here carry 1s errors
of =10% due to inaccuracies in the values of bacterial mass
and surface area applied in the modeling, while the log de-
protonation constants carry errors of +=4%.

Third, the accuracy of the models devel oped here depends
on the extent of cell wall variation between cultures. As
described above, the cell wall characteristics of indepen-
dently grown cultures of B. subtilis and B. licheniformis
appear to vary substantially. Cell wall variation seems to
cause little variation in the log deprotonation constants
(£2%), but islikely responsible for the majority of the error
(+45-50%) in the surface-site concentrations. Variations
in the surface-site concentrations are large and essentially
random, and they are the greatest limitation to the devel op-
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TABLE 11a
Adsorption of Cu*" by B. subtilis as Modeled by FITEQL, Treating Each Bacteria:Metal Ratio Independently

6.0 g bacteria/L, 10 ppm Cu°

3.5 g bacteria/L, 10 ppm Cu

1.5 g bacteria/L, 15 ppm Cu

Model® Log K;° Log K! V(Y)® Log K; Log K, V(Y) Log K; Log K, V(Y)
Cu?*—B. subtilis adsorption, 0.1 M NaNOs

C 3.73 — 21.2 3.80 — 75.1 4.00 — 115

P 5.82 — 24.6 571 — 10.8 5.68 — 86.2

H 8.38 — 229 8.33 — 18.9 8.36 — 178

C+P 3.67 453 194 No convergence' No convergence

C+H 3.68 6.88 20.1 No convergence No convergence

P+H No convergence 5.54 7.40 9.5 534 6.51 26.2
Cu?*—B. subtilis adsorption, 0.01 M NaNO;

Cc 3.67 — 21.8 3.95 — 443 4.22 — 323

P 461 — 113 451 — 12.7 4.22 — 108

H 7.49 — 145 7.31 — 215 7.05 — 129

C+P 3.37 421 8.3 3.47 4.15 7.6 No convergence

C+H 342 7.02 8.3 357 6.88 84 3.62 6.48 115

P+H No convergence No convergence 4.07 5.98 101

2 Models consider adsorption onto one or two distinct types of surface functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

® Composition of experimental solutions, indicating mass of bacteria per unit weight of electrolyte and total concentration of metal.

¢Log K value for metal adsorption onto the first type of surface site included in the model column, referenced to the condition of zero surface charge
and zero surface coverage and the ionic strength of the background electrolyte.

9Log K value for metal adsorption onto the second type of surface site considered in the model column.

¢Variance as calculated by FITEQL.
fIndicates severe misfit between the model and the experimental data.

ment of a single predictive model to describe the acid—base
behavior of these bacterial surfaces.

Summary and choice of model. A comparison of the
variances listed in Tables 2 and 6 indicates that the three-
site constant capacitance model provides a better description
of acid—base behavior than the two-site basic Stern model,
when the titrations are modeled independently. Further, the
addition of the third surface site in the constant capacitance
model is justified by experimental studies which indicate
that the cell walls of these bacteria display carboxyl, phos-
phate, and hydroxyl functional groups (13). Thus we favour
the constant capacitance model over the basic Stern model
where the titrations are modeled individualy.

The experimental data are better described when the titra-
tions are modeled individually than when several titrations
are modeled simultaneously, but because the optimizable
parameters of individual titrations vary substantially, an av-
erage set of parameter values is better used to predict the
acid—base behavior of the bacterial suspensions. A compari-
son of the variances listed in Tables 2, 4, 6, and 8 shows
that simultaneous modeling of several titrations yields a set
of parameters that closely agrees with the averages of the
parameters determined when the titrations are modeled indi-
vidually. Further, the net constant capacitance models de-
scribe the experimental data slightly better than the net basic

Stern models. It has also been shown above that the deproto-
nation constants are species-specific. Therefore, we choose
to model acid—base behavior using the four parameter sets
given in Table 4, one set corresponding to each bacteria
in each electrolyte, rather than applying average parameter
values.

METAL ADSORPTION RESULTS AND DISCUSSION

The results of the Cd?*, Pb?", and Cu?" adsorption exper-
iments are displayed in Figs. 6 to 8, respectively. All of
the adsorption experiments were performed below saturation
with respect to any solid metal phase, and so any change in
the agueous metal concentration observed during the experi-
ment is attributed entirely to adsorption onto the cell wall.
It is evident that the bacterial cell walls display a strong
affinity for the metals used in this study, with the extent of
metal adsorption increasing with increasing pH. Further, the
proportion of metal adsorbed at a particular pH increases as
the ratio between the total concentration of bacterial surface
functional groups and the total metal concentration (bacte-
riaametal ratio) increases. These results are in excellent
agreement with those of Fein et al. (17) and Daughney et
al. (18). Generaly, the positions of the metal—B. subtilis
adsorption edges are shifted to lower pH values when the
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TABLE 11b
Adsorption of Cu?* by B. licheniformis as Modeled by FITEQL, Treating Each Bacteria:Metal Ratio Independently

6.0 g bacteria/L, 10 ppm Cu’

3.5 g bacterialL, 10 ppm Cu

1.5 g bacteria/L, 15 ppm Cu

Model® Log K;° Log Ky? V(Y)® Log K; Log K, V(Y) Log K; Log K, V(Y)
Cu?*—B. licheniformis adsorption, 0.1 M NaNO,
C 4.68 — 184 4.93 — 33.6 454 — 133
P 7.71 — 19.8 8.02 — 307 7.43 — 411
H 9.18 — 36.8 9.37 — 18.9 8.19 — 76.3
C+P No convergence’ No convergence No convergence
C+H No convergence 4.79 8.42 135 4.18 7.37 185
P+H 7.71 5.58 21.0 7.67 8.74 158 No convergence
Cu?*—B. licheniformis adsorption, 0.01 M NaNO;
C 4.15 — 238 4.90 — 390 3.05 — 14.1
P 6.46 — 139 6.84 — 91.2 4.20 — 6.8
H 8.87 — 150 7.36 — 47.3 6.36 — 34
C+P 412 3.72 241 3.06 6.81 97.8 No convergence
C+H 4.13 5.82 24.4 411 7.02 141 No convergence
P+H No convergence 6.50 6.49 18.7 No convergence

2 Models consider adsorption onto one or two distinct types of surface functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

® Composition of experimental solutions, indicating mass of bacteria per unit weight of electrolyte and total concentration of metal.

¢Log K value for metal adsorption onto the first type of surface site included in the model column, referenced to the condition of zero surface charge
and zero surface coverage and the ionic strength of the background electrolyte.

9Log K value for metal adsorption onto the second type of surface site considered in the model column.

¢Variance as calculated by FITEQL.
fIndicates severe misfit between the model and the experimental data.

ionic strength is decreased. In contrast, the metal — B. licheni-
formis adsorption edges are shifted to higher pH valueswhen
the ionic strength is decreased.

For each metal —bacteria system, we use FITEQL to solve
for site-specific stability constants describing metal adsorp-
tion onto the bacterial cell walls (Tables9-11). We attempt
to fit the experimental data by invoking models involving
metal adsorption onto one, two, or three distinct types of
surface functional groups. Models considering adsorption
onto three distinct surface sites generaly fail to converge,
suggesting that the inclusion of the third equilibrium does
not improve the goodness of fit, and therefore such models
are not tabulated here. We consider only the 1:1 stoichiome-
try for the adsorbed metal surface complex, after Fein et al.
(17) and Daughney et al. (18). Equilibria describing metal
hydrolysis are included in our models, with stability con-
stants taken from Baes and Mesmer (40). In our FITEQL
modeling, we use the net constant capacitance model param-
eters given in Table 4, applying a separate parameter set for
each bacterial species at each ionic strength. For each metal,
we first model the experimental data for the suspensions of
1.5, 3.5, and 6.0 g bacteria/L independently. Subsequently,
we model the experimental datafor all three bacteria:solution
ratios simultaneously, in order to determine a single set of
stability constants describing metal adsorption in systems

of different bacteria:solution ratios. The metal adsorption
stability constants reported here are referenced to zero sur-
face charge, zero surface coverage, and the ionic strength
of the background electrolyte.

One-site metal adsorption models. We first describe the
experimental data by considering metal adsorption onto only
one type of surface functional group. It is important to note
that the fit of any given model depends on three mathemati-
cal and logistical constraints, over and above its relationship
to the chemical processes that it attempts to describe. As a
result, the fit of any one-site model is variable, as indicated
by the range of variances listed in Tables 9—11. First, the
fit of these modelsis largely controlled by the concentration
of bacteria present. Where the concentration of bacteria is
highest, the adsorption edge is steep, and a one-site model
can provide a good fit to the experimental data. In contrast,
where the bacterial concentration is low, the metal can satu-
rate one type of surface site, with excess metal available to
adsorb onto the next surface site which deprotonates. Under
these conditions, adsorption occurs over apH rangein which
two types of surface functional groups actively deprotonate,
and the metal adsorption edge is less steep. In such cases,
the one-site modelsfit the data poorly. Because of this, where
the data for all bacteria concentrations are considered simul-
taneoudly, the one-site models often indicate a relatively
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TABLE 11c
Adsorption of Cu®" by B. subtilis and B. licheniformis as
Modeled by FITEQL, with All Bacteria:Metal Ratios Modeled
Simultaneously

0.1 M NaNO, 0.01 M NaNO;

Model® Log K" LogK;® V() LogK; LogK, WV(Y)
Cu?*—B. subtilis adsorption

C 3.83 — 76.0 384 — 145
P 5.75 — 395 4.56 — 42.2
H 8.35 — 69.5 7.35 — 61.2
C+P 3.55 4.94 28.8 3.20 4.36 42.0
C+H 3.59 7.34 28.1 5.01 6.68 416
P+H 4.25 8.30 235 453 5.79 40.0

Cu?*—B. licheniformis adsorption
C 4.82 — 69.2 4.30 — 224
P 7.06 — 240 6.40 — 146
H 9.05 — 128 8.69 — 164
C+P 4.73 5.70 47.8 3.93 551 138
C+H 4.75 7.19 45.0 6.31 6.89 51.9
P+H No convergence® 9.70 6.47 120

#Models consider adsorption onto one or two distinct types of surface
functional groups. C, carboxyl site; P, phosphate site; H, hydroxyl site.

Log K value for metal adsorption onto the first type of surface site
included in the model column, referenced to the condition of zero surface
charge and zero surface coverage and the ionic strength of the background
electrolyte.

°Log K value for metal adsorption onto the second type of surface site
considered in the model column.

9 Variance as calculated by FITEQL.

¢ Indicates severe misfit between the model and the experimental data.

poor fit to the data (the variance and best-fit stability constant
for these models are essentially averages of the values deter-
mined when the different bacteria concentrations are mod-
eled independently). Therefore, the appropriateness of any
one-site model is best evaluated by considering its fit to the
data for the highest bacteria concentration, before consider-
ing its fit to the data for all bacteria concentrations modeled
simultaneously.

Second, the fit of any one-site model is controlled by the
position of the metal adsorption edge as a function of pH.
For example, the 0.1 M Cd?"—B. subtilis adsorption edge
occurs over a pH range where the phosphate surface sites
are significantly deprotonated, and thus a model considering
Cd?* adsorption onto the phosphate sites fits the data well.
By contrast, the 0.01 M Cd?*—B.subtilis adsorption edge
occurs at a slightly lower pH, and so the experimental data
are better described by adsorption onto the carboxyl surface
sites. For similar reasons, Cd?" adsorption onto B. licheni-
formisinthe 0.1 M electrolyte can be modeled by adsorption
onto the phosphate sites, but because a decrease in ionic
strength causes the adsorption edge to shift up with respect
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to pH, the 0.01 M Cd*'—B. licheniformis data are better
described by adsorption onto the hydroxy! sites.

Third, it is also important to note that the two species of
bacteria have different deprotonation constants for each type
of surface functional group. The phosphate sites on B. subti-
lis begin to deprotonate at a lower pH than those on B.
licheniformis, and as a result, metal —phosphate adsorption
models will only fit the B. licheniformis data if the metal
adsorption edge occurs over a pH of approximately 5.5—6.5.
With the above discussion in mind, it is possible to compare
the appropriateness of the various one-site models.

The one-site modelsinvoking metal adsorption onto either
the carboxyl or the phosphate surface sites fit the experimen-
tal data equally well. However, research indicates that Cu®*
and other hard metal cations (Na*, Mg?*, Mn?", F&*") are
preferentially bound to carboxyl sites on the cell walls of
both B. subtilis and B. licheniformis (13, 41, 42). Further,
it is known that metal ions display a similar affinity series
for agiven group of ligands regardless of whether the ligands
exist as surface functional groups or as aqueous species
(25). For the systems examined here, the magnitudes of the
metal adsorption constants indicate that Cd?* has the lowest
affinity for the bacterial surface, while Pb?* and Cu?* have
greater but roughly equal affinities for the bacterial surface.
This same affinity series also describes the complexation of
Cd?", Pb?", and Cu®* by aqueous carboxylate anions (36).
This agreement between the affinity series for metal —bacte-
riaadsorption and metal —carboxylate compl exation suggests
that metal —bacteria adsorption involves carboxyl surface
functional groups. An examination of the adsorption data
(Figs. 6 to 8) indicates that adsorption is generadly initiated
well below the pH at which the phosphate sites are signifi-
cantly deprotonated. Therefore, it is most likely that metal —
carboxyl interactions are responsible for the observed ad-
sorption behavior. Note that the association of an adsorbed
metal ion with a particular type of functional group has not
been directly observed in this study, but rather inferred from
the experimental data. Confirmation of the model selected
here requires direct observation of the adsorbed metals.

Two-site metal adsorption models. Although some of
the experimental data can be described by models consider-
ing adsorption onto only the carboxyl surface sites, for the
majority of metal —bacteria systems examined here, a better
fit to the data is obtained by a model which considers metal
adsorption onto two types of surface functional groups(Ta-
bles 9—-11). Note that the improved fit may be the result
of the addition of an additional optimizable parameter to
the model. Two types of two-site models provide close fits
to the experimental data, the first considering adsorption
onto the carboxyl and phosphate sites, and the second con-
sidering adsorption onto the carboxyl and hydroxyl sites.
The former type of model is more chemically meaningful,
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FIG. 9.
(black symbols) and 0.01 M NaNO; (gray symbols). Model curves consider

because the phosphate sites are significantly deprotonated
in the pH range where the adsorption edge occurs, while
the hydroxyl sites are not. We therefore select the model
considering adsorption onto the carboxyl and phosphate

FITEQL model curves describing adsorption of (a) Cd?*, (b) Pb?", and (c) Cu?" onto B. subtilis and B. licheniformis in 0.1 M NaNO,

metal adsorption onto carboxyl and phosphate sites.

sites as the two-site model which best describes the experi-
mental data, in agreement with Fein et al. (17) and Daugh-
ney et al. (18). These models are compared to the experi-
mental datain Fig. 9.
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FIG. 9—Continued

Three trends are recognizable in the magnitudes of the
stability constants presented in Tables 9—11. First, for both
bacterial species, at both ionic strengths, Cd** has the lowest
affinity for the surface, followed by Pb?*, followed by Cu?*,
which has the highest affinity for the surface. The stability
constants reported here are in good general agreement with
those reported by Fein et al. (17) and Daughney et al. (18)
(Table 1). The discrepancy in the values of the stability
constants given in Tables 1 and 9—11 islikely due to differ-
ences in the parameters used to characterize the acid—base
behavior of the bacterial surfaces. The metal adsorption sta-
bility constants given here should therefore be applied in
combination with the surface parameters provided in Ta
ble 4.

Second, for a given ionic strength, the metal —carboxyl
and metal —phosphate stability constants for B. licheniformis
are greater than those for B. subtilis. As noted by Daughney
et al. (18), there is an excellent correlation between the
magnitudes of the metal—carboxyl stability constants de-
scribing adsorption onto B. subtilisand B. licheniformis (Fig.
10). The correlation between the metal —phosphate stability
constants is also very good. This correlation suggests that
metal —carboxyl stability constants for one species of bacte-
ria can be estimated if the stability constant describing ad-
sorption of the same metal onto a different type of bacteria
has been measured. The slopes of the mgjority of the correla-
tion lines are similar, suggesting that the correlation parame-

ters presented in Fig. 10 may be applied to ionic strengths
different from those used here.

Third, for both bacterial species, the metal —carboxyl and
metal —phosphate stability constants generally decrease with
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FIG.10. Correlation diagram relating metal —carboxyl and metal —phos-

phate stability constants of B. subtilisand B. licheniformis, at 0.1 and 0.01 M
NaNO;. The equation of the linear regression line and the linear correlation
coefficient are shown.
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decreasing ionic strength. This ionic strength dependence
suggests that metal adsorption is affected by the bacterial
surface charge, which, if compared to studies of ion adsorp-
tion by mineral surfaces (27, 43), may indicate that the
adsorbed metals exist as outer-sphere surface complexes.
However, the decrease in the values of the metal —bacteria
stability constants with decreasing ionic strength is a trend
opposite to that observed for metal adsorption onto most
mineral surfaces (27, 43), which implies that the surface
complexes may have a different form or structure than that
assumed here. Further, the two species of bacteria behave
differently in terms of the extent of metal they adsorb as
ionic strength is changed. The B. licheniformis experimental
data indicate that, at a given pH, adsorption decreases with
decreasing ionic strength. The B. subtilis adsorption data,
however, show an opposite trend, which is not reflected as
achangein stability constants as afunction of ionic strength.
The magnitude of the change in the stability constants is too
large and too variable to be caused by changes in the activity
of the metal ion in the different electrolyte solutions. It is
possible that the two species adsorb Na™ differently asionic
strength changes, leading to differences in surface potential
which give rise to the trends observed here. However, the
data collected in this study do not permit the determination
of stability constants describing electrolyte adsorption.
Nonetheless, this suggests that the near-surface region may
have different characteristics than assumed here. Spectro-
scopic studies are required to clarify the structure of the
adsorbed metals and electrolyte ions. Pending the collection
of such data, metal adsorption onto the carboxyl and phos-
phate surface sitesis best modeled with the stability constant
values summarized in Table 12.

CONCLUSIONS

This results of this study illustrate that the surface charac-
teristics of B. subtilis and B. licheniformis are affected by
changes in solution ionic strength. The surface properties
and acid—base behavior of the two bacterial species can be
modeled in the framework of chemical thermodynamics,
with a different set of stability constants describing interac-
tions between protons and the distinct functional groups on
the cell walls. The changes in surface characteristics and
metal -binding capacities associated with changes in solution
ionic strength are manifested by changes in the magnitudes
of the site concentrations and deprotonation constants in-
cluded in the chemical models. We find that the constant
capacitance model is more effective than the basic Stern
model in its ability to describe ionic-strength-dependent
acid—base behavior.

The adsorption of Cd**, Pb?", and Cu?" onto B. subtilis
and B. licheniformis is also controlled by ionic strength, as
indicated by variation in the stability constants describing

TABLE 12
Summary of Stability Constants Describing Adsorption
of Cd, Pbh, and Cu onto B. subtilis and B. licheniformis

0.1 M NaNOs 0.01 M NaNO;
Log K Log K Log K Log K
Metal®  M-carboxyl*  M-phosphate®  M-carboxyl M-phosphate
B. subtilis
Cd 2.67 4.19 2.93 2.39
Pb 341 5.06 3.00 4.36
Cu 3.55 4.94 3.20 4.36
B. licheniformis
Cd 3.87 5.06 3.36 424
Pb 4.40 5.67 341 6.32
Cu 4.73 5.70 3.93 551

#Log K value for metal adsorption onto the carboxyl surface sites, refer-
enced to the condition of zero surface charge and zero surface coverage
and the ionic strength of the background electrolyte.

®Log K value for metal adsorption onto the phosphate surface sites.
Stability constants are determined by modeling all bacteriameta ratios
simultaneously.

metal adsorption in different electrolytes. Metal adsorption
is best described by models considering adsorption onto both
the carboxyl and the phosphate functional groups. The
changesin the metal adsorption stability constants show sys-
tematic variation with ionic strength, bacterial species, and
metal involved. Therefore, the model parameters provided
here may be applied to predict metal adsorption in solutions
which are different from those of this study, providing the
bacteria are cultured and prepared as described above. Spec-
troscopic studies of the bacteria surfaces are recommended
in order to elucidate more precisely the nature of the ad-
sorbed metal complexes. Additional research is required to
model proton and metal adsorption in natural environments,
where many species of bacteria may be present, where cell
wall characteristics may change with growth conditions, and
where cell wall fragments and extracellular dissolved organ-
ics may compete for available cations.
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