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Abstract

We used titration calorimetry to measure the bulk heats of proton and Cd adsorption onto a common Gram positive soil bacterium
Bacillus subtilis at 25.0 �C. Using the 4-site non-electrostatic model of Fein et al. [Fein, J.B., Boily, J.-F., Yee, N., Gorman-Lewis, D.,
Turner, B.F., 2005. Potentiometric titrations of Bacillus subtilis cells to low pH and a comparison of modeling approaches. Geochim.

Cosmochim. Acta 69 (5), 1123–1132.] to describe the bacterial surface reactivity to protons, our bulk enthalpy measurements can be
used to determine the following site-specific enthalpies of proton adsorption for Sites 1–4, respectively: �3.5 ± 0.2, �4.2 ± 0.2,
�15.4 ± 0.9, and �35 ± 2 kJ/mol, and these values yield the following third law entropies of proton adsorption onto Sites 1–4, respec-
tively: +51 ± 4, +78 ± 4, +79 ± 5, and +60 ± 20 J/mol K. An alternative data analysis using a 2-site Langmuir–Freundlich model to
describe proton binding to the bacterial surface (Fein et al., 2005) resulted in the following site-specific enthalpies of proton adsorption
for Sites 1 and 2, respectively: �3.6 ± 0.2 and �35.1 ± 0.3 kJ/mol. The thermodynamic values for Sites 1–3 for the non-electrostatic
model and Site 1 of the Langmuir–Freundlich model of proton adsorption onto the bacterial surface are similar to those associated
with multifunctional organic acid anions, such as citrate, suggesting that the protonation state of a bacterial surface site can influence
the energetics of protonation of neighboring sites. Our bulk Cd enthalpy data, interpreted using the 2-site non-electrostatic Cd adsorp-
tion model of Borrok et al. [Borrok, D., Fein, J.B., Tischler, M., O’Loughlin, E., Meyer, H., Liss, M., Kemner, K.M., 2004b. The effect
of acidic solutions and growth conditions on the adsorptive properties of bacterial surfaces. Chem. Geol. 209 (1–2), 107–119.] to
account for Cd adsorption onto B. subtilis, yield the following site-specific enthalpies of Cd adsorption onto bacterial surface Sites
2 and 3, respectively: �0.2 ± 0.4 and +14.4 ± 0.9 kJ/mol, and the following third law entropies of Cd adsorption onto Sites 2 and
3, respectively: +57 ± 4 and +128 ± 5 J/mol K. The calculated enthalpies of Cd adsorption are typical of those associated with Cd
complexation with anionic oxygen ligands, and the entropies are indicative of inner sphere complexation by multiple ligands. The
experimental approach described in this study not only yields constraints on the molecular-scale mechanisms involved in proton
and Cd adsorption reactions, but also provides new thermodynamic data that enable quantitative estimates of the temperature depen-
dence of proton and Cd adsorption reactions.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The adsorption of metals onto bacterial surfaces can
control the mobility and speciation of metals in a wide
range of environments. Despite recent advances made by
bulk adsorption measurements and spectroscopic investi-
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gations, we still lack a full understanding of bacterial cell
wall reactivity and the mechanisms that control cell wall
adsorption. Calorimetric measurements of proton and met-
al adsorption onto bacterial cell walls not only can provide
rigorous constraints on bulk proton and metal adsorption,
but interpretation of these data can give site-specific enthal-
pies and entropies of proton and metal adsorption onto the
bacterial surface functional groups, yielding information
on coordination environment, as well as the temperature
dependence of the adsorption reactions.
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A range of experimental techniques has been used to
study bacterial surface adsorption reactions. Potentiomet-
ric titrations measure proton adsorption, and can be used
to determine acidity constants and site concentrations of
the important functional groups on the bacterial cell wall
(Plette et al., 1995; Fein et al., 1997; Daughney and Fein,
1998; Cox et al., 1999; Haas et al., 2001; Sokolov et al.,
2001; Yee and Fein, 2001; Martinez et al., 2002; Ngwenya
et al., 2003; Yee et al., 2004; Fein et al., 2005). Bulk metal
adsorption experiments measure the affinity for metals to
adsorb onto the bacterial surface, and surface complexa-
tion modeling of these results yields thermodynamic stabil-
ity constants for the important bacterial surface complexes
(Fein et al., 1997; Fowle and Fein, 1999; Fowle et al., 2000;
Haas et al., 2001; Daughney et al., 2002; Ngwenya et al.,
2003; Borrok et al., 2004a; Chatellier and Fortin, 2004;
Gorman-Lewis et al., 2005). Although potentiometric titra-
tions and bulk adsorption experiments provide rigorous
constraints on the total reactivity of the cell wall, they do
not provide complete or detailed information on the bind-
ing environments, and hence the derived thermodynamic
property values are dependent on the binding models cho-
sen to represent the bacterial surface reactivity. Spectro-
scopic data provide more direct evidence of the metal
coordination environment than do bulk adsorption mea-
surements, and X-ray absorption spectroscopy (XAS) has
been used to constrain the binding environment of metal
cations on cell wall functional groups (Hennig et al.,
2001; Kelly et al., 2002; Panak et al., 2002; Boyanov
et al., 2003). However, due to the complexity of the cell
wall binding environments, and due to the fact that XAS
yields an averaged binding environment, the experimental
results from XAS can be complex and difficult to interpret.
For example, although XAS has been used successfully to
demonstrate the importance of carboxyl and phosphoryl
binding sites for U and Cd on the bacterial cell wall of
Bacillus subtilis, significant uncertainties exist regarding
the metal: ligand stoichiometry involved in binding (Kelly
et al., 2002; Boyanov et al., 2003). Clearly, complementary
lines of evidence are needed to constrain mechanisms of
proton and metal adsorption onto bacterial cell walls.

Calorimetric measurements of proton and metal binding
onto bacterial surfaces, interpreted using a surface com-
plexation modeling approach, can be used to infer site-spe-
cific enthalpies and entropies of adsorption. Weppen and
Hornburg (1995) used flow calorimetry and bulk adsorp-
tion experiments to compare the metal sequestration capa-
bility of cell wall suspensions harvested from a range of
bacterial cells. Their measured bulk enthalpies of metal
adsorption (for Cd, Cu, Zn, Pb, Mg, Ca, Sr, Ba) were all
modestly endothermic (+3 to +18 kJ/mol with a value of
+10.4 kJ/mol for Cd), and in the expected range for diva-
lent cations coordinated with anionic oxygen ligands.
However, Weppen and Hornburg (1995) did not correct
for the heat associated with protonation reactions, and
used a bulk partitioning approach instead of a site-specific
surface complexation model to quantify metal adsorption.
In this study, we use calorimetric data, in conjunction with
surface complexation models of the bacterial cell wall, to
produce site-specific enthalpies of proton and Cd adsorp-
tion onto the cell wall of B. subtilis, a common Gram-posi-
tive aerobic soil bacterial species. Our calorimetric
measurements, made using actual bacteria, allow the deter-
mination of site-specific metal adsorption enthalpies. In
addition, the heats of proton adsorption, which are needed
to correct the data from the metal adsorption titrations,
also may be used to constrain the nature and reactivity
of cell wall binding sites. The heat of protonation data were
interpreted using both a site-specific model and a general-
ized surface complexation (Langmuir–Freundlich) model.
The thermochemical pictures that emerge from both mod-
els are similar. These data provide information regarding
the likely structure of the functional groups on the bacterial
surface, the usefulness of simple organic acids as proxies
for these sites, and the temperature dependence of the acid-
ity constants.

2. Experimental procedures

2.1. Cell preparation

Bacillus subtilis cells (supplied originally by T.J. Beve-
ridge, University of Guelph) were cultured and prepared
following the procedures outlined previously (Fein et al.,
1997; Fowle et al., 2000) except the acid wash step in the
cell preparation was not conducted in order to avoid pos-
sible acid damage to the cell walls (Borrok et al., 2004b).
Cells were maintained on agar plates consisting of trypti-
case soy agar with 0.5% yeast extract added. Cells for the
adsorption experiments were grown by first inoculating a
test-tube containing 3 mL of trypticase soy broth and
0.5% yeast extract, and incubating it for 24 h at 32 �C.
The 3 mL bacterial suspension was then transferred to a
1 L volume of broth, also with 0.5% yeast extract, and
allowed to grow for another 24 h on an incubator shaker
table at 32 �C. Cells were pelleted by centrifugation at
1600g for 15 min, and rinsed seven times with 0.1 M
NaClO4. The bacteria were then pelleted by centrifugation
at 5000g for 60 min to remove excess water so suspensions
of known bacterial concentration could be created. Previ-
ous studies have shown this bacterial preparation method,
including the high speed centrifugation step to pellet the
bacteria, does not cause cell lysis and that cells remain
intact for up to 72 h (Lee and Fein, 2000). The ratio of
the wet weight of the pelleted bacteria to dry weight is
5.1:1 (Borrok et al., 2004b).

2.2. Bulk adsorption experiments

The calorimetric measurements made in this study yield
the heat of adsorption that occurs upon titration of an
adsorbate (either HClO4 or Cd(ClO4)2 solutions) into a
bacterial suspension. These data can be most simply inter-
preted if the experiments are conducted under conditions



4864 D. Gorman-Lewis et al. 70 (2006) 4862–4873
where virtually all of the adsorbate added to the system
binds to the surface of interest, eliminating contributions
to the measured total heat from other sources such as aque-
ous complexation reactions involving the added metal ions
and organic exudates from the bacteria. In order to
quantify the extent of Cd adsorption onto the bacterial
cells under all of the conditions present during the calorim-
etry experiments, we conducted two types of preliminary
adsorption experiments: (1) bulk adsorption measure-
ments, conducted as a function of Cd concentration and
pH (from pH 2 to 9 using small amounts of concentrated
HNO3 and NaOH to adjust pH) to directly mirror the
Cd calorimetry experimental conditions; and (2) Cd
adsorption kinetics experiments to determine the time to
reach adsorption equilibrium under the experimental con-
ditions, and thus and the speed at which the calorimetric
titrations could proceed. We used a bacterial concentration
of approximately 80 g wet mass/L in the calorimetry exper-
iments in order to obtain a measurable response, so this
same concentration was used in each of the adsorption con-
trol experiments. We measured the extent of Cd adsorption
as a function of pH, suspending the bacteria in a solution
containing 5.3 · 10�4 M Cd(ClO4)2 with 0.1 M NaClO4

to buffer ionic strength, following a similar procedure out-
lined by Borrok et al. (2004b). Concentration dependent
adsorption experiments were performed by suspending
the bacteria in 0.1 M NaClO4 adjusted to pH 6.18 and add-
ing Cd(ClO4)2 to obtain total Cd concentrations ranging
from 0.04 to 0.53 mM (the range of Cd concentrations
encountered during the calorimetric titrations). Adsorption
kinetics experiments were performed with the bacterial sus-
pension containing a Cd concentration of 5.3 · 10�4 M
adjusted to pH 6.30. Samples were extracted at 30 s time
intervals, similar to the procedure outlined in Fowle et al.
(2000). Samples from each control experiment were ana-
lyzed for aqueous Cd by inductively coupled plasma
optical emission spectroscopy with matrix-matched
standards. The analytical uncertainty was ±3.5% with a
detection limit of 5 ppb.

The adsorption kinetics experiments demonstrated that
Cd adsorption onto the bacterial surfaces was complete
within 30 s after introduction of the Cd to the bacterial sus-
pension. We also observed 100% adsorption of Cd within
the experimental uncertainty (±3.5%) at or above pH 5.3
and at all Cd concentrations studied. This ensures that
the heats measured by titration calorimetry under these
conditions are a result of Cd-bacterial adsorption reactions
and not simple aqueous complexation reactions occurring
between the Cd and bacterial exudates. It is also consistent
with previous studies that found B. subtilis bacterial exu-
dates had no measurable proton binding capacity (Wight-
man et al., 2001); consequently, the ability of these
exudates to complex metals is likely to be small. In addi-
tion, because these control experiments were designed to
mimic conditions as close as possible to those employed
in the calorimetry experiments, we conclude that all of
the Cd that is added to the bacterial suspensions during
each step of the calorimetric titration adsorbs onto the bac-
teria, and that the adsorption reaction goes to completion
rapidly (in less than 30 s).

2.3. Titration calorimetry

The calorimetric titrations were conducted with an iso-
thermal titration microcalorimeter (Calorimetry Sciences
Corporation, Model ITC 4200), which measures the heat
flow between a reaction cell and a reference cell. The calo-
rimeter’s response to the heat flow was calibrated by elec-
trical heating, a procedure that we have previously
verified by checking the reported protonation heat of tris-
hydroxymethylaminomethane (TRIS/THAM) at 25 �C
(Grenthe et al., 1970). Initially, both cells were filled with
identical solutions (in this case, a bacterial suspension con-
taining 0.1 M NaClO4 to buffer ionic strength) and placed
in the calorimeter bath. The bacterial suspension in the
reaction cell was stirred at 300 rpm with a motor driven
stainless steel paddle. After thermal equilibrium with the
water bath (24.995 ± 0.005 �C) and a sufficiently constant
background heat flow between the reaction and reference
cells were achieved, a predetermined number of individual
titrant doses were delivered into the reaction cell via a nee-
dle from 100 to 250 lL syringe driven by a computer-con-
trolled motor. Each titrant addition was followed by a
period between 300 and 600 s, depending on the titrant,
where the heat flow between the reaction and reference
cells, due to addition and reaction of each dose, was mea-
sured continuously.

Two types of calorimetric measurements were conduct-
ed: (1) protonation experiments in which acid was titrated
into the reaction cell to sequentially protonate bacterial cell
wall functional groups; and (2) Cd adsorption experiments
in which a Cd-bearing solution was titrated into the reac-
tion cell at a nearly constant pH. All the titrations were
performed with 900 lL of 80 g/L bacterial suspension in
0.1 M NaClO4. The pH of the suspension was adjusted
to the appropriate pH by the addition of HClO4 or carbon-
ate-free NaOH prior to the titration. The titrant composi-
tion was either 0.170 M HClO4 for the protonation
titrations or 5.3 · 10�3 M Cd(ClO4)2 in 0.1 M NaClO4,
adjusted to match the pH of the bacterial suspension.

We gathered the protonation data under two different
initial experimental conditions where the initial pH of the
bacterial suspension was adjusted between pH 6.4 and 7.0
(low pH) or to pH 10.0 (high pH). A single titration from
pH 10 to 2.5 that would measure the protonation heats for
all four sites could not be conducted due to limitations on
the number of possible titrant additions by the calorimeter.
A wider pH range could have been covered using a more
concentrated acid as the titrant, but this would have caused
the magnitude of the heats generated by protonation of the
bacterial surface to be well outside the ideal range of heats
for the calorimeter. For the high pH titration, we used
sequential 1 lL additions of 0.170 M HClO4 and obtained
a final pH of ca. 6. In order to optimize the calorimetric
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response for the low pH titrations, in which the heats
generated by protonation of the bacterial suspension were
smaller than those from the high pH titrations, we used 20
sequential 5 lL additions of 0.170 M HClO4, obtaining a
final pH between 2.50 and 2.61, depending on the initial
pH of the solution. Low pH titrations were performed in
triplicate and high pH titrations were performed in dupli-
cate. Additional experiments measuring the background
heats that were not caused by proton adsorption (i.e., the
heat of dilution and other heats associated with the experi-
mental apparatus such as the heat of titrant injection), were
performed by titrating 0.170 M HClO4 into a bacteria-free
solution of 0.1 M NaClO4 adjusted to pH 6.93. It was
unnecessary to perform similar blank titrations at higher
pH since these background heats are independent of pH
under the experimental conditions.

For the Cd adsorption titrations, the reaction and refer-
ence cells were filled with 900 lL of an 80 g/L bacterial sus-
pension in 0.1 M NaClO4 adjusted to pH values of 6.01 or
5.33. The titrant used was a 5.3 · 10�3 M Cd(ClO4)2 solu-
tion in 0.1 M NaClO4 adjusted to match the pH of the bac-
terial suspension. In each experiment, sequential 8 lL
doses of titrant were added to the reaction cell, and the
experiments were performed in duplicate at each pH. Drift
in the solution pH over the course of the experiment was
minimal as indicated by the final pH value in the reference
cell, which was 5.95 and 5.34, respectively, for experiments
that started at pH 6.01 and 5.33; therefore, buffering the
pH of the titrations was not necessary. We measured the
background heats in the Cd titration experiments (i.e.,
the heats that were not caused by Cd adsorption), by titrat-
ing the same Cd-bearing solution into a bacteria-free solu-
tion of 0.1 M NaClO4 adjusted to pH 6.04 or 5.32.

In order to obtain the heat associated with reactions on
the bacterial cell wall after the xth addition of titrant, Qcorr

x ,
we subtracted the background heat that was measured for
the addition of an identical amount of titrant to a bacteria-
free system, Qbkg

x , from the experimentally measured heat
associated with a given titrant addition, Qexp

x ,

Qcorr
x ¼ Qexp

x � Qbkg
x : ð1Þ

This background correction is pH independent and ac-
counts for the heat of dilution and for other heats intrinsic
to the titration process. In addition to the heat of dilution
when the solution exceeds pH �8.5, it is also necessary to
correct for the heat of hydroxide neutralization associated
with the reaction H+ + OH� fi H2O that occurs on the
addition of acid or liberation of protons from the bacterial
surface by metal binding. The enthalpy for this reaction in
0.1 M NaClO4 was estimated to be �56.48 ± 0.09 kJ/mol
by interpolation of the heats of NaOH neutralization
reported for HCl and HClO4 in solutions with ionic
strengths between 0.005 and 3 M (Hale et al., 1963; Van-
derzee and Swanson, 1963; Martell et al., 1998). In our
work, correction for the heat of hydroxide neutralization
was only necessary for the high pH, above pH 8.6, proton-
ation experiments. In those cases, the heat of hydroxide
neutralization with each addition of acid was calculated
from the enthalpy of neutralization, the initial solution
pH, the total amount of acid added, the concentration of
protolyzable bacterial surface sites, and the pKa values of
those sites and was included in the Qbkg

x term in Eq. (1).
A previous study has shown that organics exuded by B.
subtilis have no proton buffering capacity and consequently
do not need to be accounted for in the correction term
(Wightman et al., 2001). By convention, the calorimeter
software assigns positive values to measured exothermic
heats and negative values to endothermic heats.

The concentration of each species in the suspension was
calculated for each point in the titration using the program
PSEQUAD (Zekany and Nagypal, 1985) from the known
initial pH and the total concentrations of bacteria, acid
and metal in the reaction vessel. Measurements of pH are
not possible during the titration. Therefore, the pH values,
we report for the individual titration points also come from
the speciation calculations. Site-specific equilibrium con-
stants for binding at each site on the bacteria surface were
taken from the 4-site speciation model of Fein et al. (2005)
for the protonation reactions and from Borrok et al.
(2004b) for the Cd adsorption reactions. We also tested
the dependence of the calculated thermodynamic parame-
ters on the titration model used by conducting similar spe-
ciation calculations for the bacterial surface using FITEQL
(Herbelin and Westall, 1994) and invoking the Langmuir–
Freundlich protonation model of Fein et al. (2005). The
solution volume and the concentrations calculated by PSE-
QUAD or FITEQL for each point of the titration were
then used as independent variables to derive the enthalpies
of reaction from the calorimetric data as least-squares fit-
ted parameters with the program Origin 5.0 (Microcal),
as described below. The uncertainties in the thermodynam-
ic parameters are given at the 95% (2r) confidence level and
are calculated for the enthalpies either as the standard error
in the average, or from the inverse of the covariance matrix
of a given fit.

3. Results and discussion

3.1. Protonation reactions

The thin curve in Fig. 1 depicts the raw calorimetry data
from a typical low pH experimental run, illustrating the
heat evolved for each addition of 5 lL of 0.17 M HClO4

to the bacterial suspension. The heavy curve represents
the background heat (scaled up by a factor of 10) generated
from the control titrations conducted under similar condi-
tions in the absence of bacteria. The initial pH of the sys-
tem was 6.87, and the pH after equilibration of the final
addition was 2.61. Calculated pH values at the end of the
titration from the two models used to describe proton
adsorption, explained below, were 2.60 and 2.57 for the
4-site non-electrostatic and the 2-site Langmuir–Freundlich
continuum models of Fein et al. (2005), respectively. The
corrected heats for the protonation titration (Qprot;corr

x ) are
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Fig. 1. Raw data from a typical low pH proton adsorption titration (–)
with the measured heat of dilution (scaled up by a factor of 10) for each
corresponding addition of acid ( ).
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the experimental heats (the integrated area under the thin
curve) minus the background heats. Figs. 2 and 3 report
the corrected heats generated from protonation of the
low and high pH bacterial suspension, respectively.

The heat associated with the first addition of titrant is
not considered in our data analysis. Over the several hour
period required for the reaction vessel to reach thermal
equilibrium with the water bath, titrant will diffuse into
the reaction vessel unless the titrant and the titrant are sep-
arated by a small air gap. The effect on the measured heat
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Fig. 2. Corrected heat evolved from three low pH proton adsorption
titrations of 80 g/L B. subtilis, with the solid curve and the dashed curve
representing the fit of the 4-site non-electrostatic or the Langmuir–
Freundlich model to Eq. (3), respectively. Positive Q represents exother-
mic heats. pH Values are from the speciation calculations.
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Fig. 3. Corrected heat evolved from two high pH proton adsorption
titrations of 80 g/L B. subtilis, with the solid curve and the dashed curve
representing the fit of the 4-site non-electrostatic or the Langmuir–
Freundlich model to Eq. (3), respectively. Positive Q represents exother-
mic heats. pH Values are from the speciation calculations.
of the first addition can be neglected if the volume of the
diffused titrant or the air gap are small relative to the vol-
ume of the titrant addition. That approximation does not
hold for the small volumes of titrant added in our experi-
ments. Instead, the titrant is allowed to diffuse into the bac-
terial suspensions during the initial equilibration period.
Because of this diffusion, one cannot know exactly how
much titrant reacts during the first addition, but one does
know that all of the titrant intended to be added in the first
addition (the sum of the diffused titrant and the titrant
actually added), is in the vessel at the end of the first addi-
tion. Knowing this, the solution speciation can be calculat-
ed at that point and the more rapid sequential additions
can continue as planned with diffusion playing a negligible
role in the measured heats of the subsequent additions.

The calorimetry measurements demonstrate that the
protonation reactions at the bacterial surface are distinctly
exothermic and that significant proton adsorption occurs
continuously over the entire pH range studied. Wightman
et al. (2001) found B. subtilis exudates had no measurable
proton binding capacity. Consequently, protonation of
the bacterial exudates is likely an insignificant contributor
to the measured heat, and is not considered in the analysis.
Further interpretation of the bulk enthalpy data requires
the application of a surface complexation model to the bac-
terial surface to assign proton adsorption to specific func-
tional groups. The resulting site-specific thermodynamic
parameters can be used to constrain specific binding mech-
anisms involving specific functional groups on the bacterial
surface. However, the distributions of the total heat over
the specific sites will be directly dependent on the model
chosen to describe the acidity constants of the cell wall
functional groups. Nevertheless, considering the raw calo-
rimetric data, the site-specific enthalpies derived from the
measured calorimetric data will be exothermic regardless
of the protonation model selected.

While the various models describing proton binding on
the bacterial surface may differ in the number of proton-ac-
tive sites and the ease of protonation at those sites, the pro-
tonation of a given proton-active functional group can
generally be expressed as

R–Li
� þHþ $ R–LiH

� ð2Þ
where R is a bacterium to which a proton-active functional
group type, Li

�, is attached. Knowing the concentrations
of each site, the pH, and the appropriate equilibrium con-
stants, the degree of protonation of each Li

� group can be
calculated for any point along the titration path. For each
step of the titration, the protonation enthalpies of each site
Li
�, DHHLi , are related to the background corrected heat,

Qprot;corr
x , by the equation

�Qprot;corr
x ¼

X

i

DH HLiDnx
HLi
; ð3Þ

where each Dnx
HLi

is the change in the number of moles of
the protonated species HLi caused by the xth addition of
titrant. Because the calculated Dnx

HLi
values are model



Table 1
Site-specific thermodynamic parameters for the reaction of H+ and Cd2+

with the surface of B. subtilis in 0.1 M NaClO4 at 25.0 �C derived from
calorimetric titration and the 4-site speciation models of Fein et al. (2005)
and Borrok et al. (2004b)

Reaction logKa DG�/kJ/mol DH�/kJ/mol DS�/J/mol K

Hþ þ L4
� ! HL4 9.1 �51.9 ± 1.1 �35 ± 2 +60 ± 20

Hþ þ L�3 ! HL3 6.8 �38.8 ± 1.7 �15.4 ± 0.9 +79 ± 6
Hþ þ L2

� ! HL2 4.8 �27.4 ± 0.6 �4.2 ± 0.2 +78 ± 2
Hþ þ L1

� ! HL1 3.3 �18.8 ± 1.1 �3.5 ± 0.2 +51 ± 4
Cd2þ þ L2

� ! CdL2
þ 3.0 �17.1 ± 1.1 �0.2 ± 0.4 +57 ± 4

Cd2þ þ L3
� ! CdL3

þ 4.2 �23.7 ± 1.1 +14.4 ± 0.9 +128 ± 5

a K ¼ ½R� Li
� �M�½M��1½R� Li

���1, where M = H+ or Cd2+.
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dependent, the resulting site-specific enthalpies of proton-
ation are model dependent as well.

To understand the influence of the speciation model on
the thermodynamic parameters derived from our calori-
metric data, we fit the measured heats to two different equi-
librium models of the B. subtilis surface, the 4-site non-
electrostatic model of Fein et al. (2005) and a 2-site imple-
mentation of the Langmuir–Freundlich continuum model
(as derived by Koopal et al. (1994)) with model parameters
determined for protonation reactions of the B. subtilis cell
wall by Fein et al. (2005). Both models were capable of
reproducing the general form of the free energy and enthal-
py of absorption data. However, fits with the 4-site non-
electrostatic model always provided more chemically rea-
sonable and statistically better fits to the available data
(vide infra).

3.2. 4-Site non-electrostatic model data analysis

Fein et al. (2005) have proposed a 4-site non-electrostat-
ic surface complexation model that ascribes proton binding
on the surface of B. subtilis to four different types of pro-
ton-active sites, each with a distinctive pKa, as described
by reaction 2. Using the calorimetric pH titration data in
conjunction with the protonation constants from the 4-site
non-electrostatic model of Fein et al. (2005) to determine
the values of Dnx

HLi
in Eq. (3), the site-specific enthalpy of

protonation, DHHLi , was calculated for each of the four
sites represented by reaction 2. The site-specific proton-
ation enthalpies represent the heat generated by proton-
ation of site Li

� per mole of protonated site Li
�.

Potentiometric titrations of the bacterial surface constrain
the site concentrations and acidity constants for the perti-
nent protonation reactions, and both the calorimetry data
and the prior potentiometric titrations strongly suggest the
presence of a cell wall functional group, or groups, with a
pKa (the negative logarithm of the acidity constant of this
site), significantly below 4. Fein et al. (2005) modeled this
site (Site 1) with a pKa value of 3.3. The other sites in this
model have pKa values of 4.8, 6.8, and 9.1 for Sites 2–4,
respectively.

Comparison of the data from the high and low pH calo-
rimetric titrations between pH 6 and 7 suggests that a
small, variable, amount of carbonate contamination, from
atmospheric CO2, was present in the high pH titrations.
The construction of the calorimeter provides no convenient
way to maintain a CO2-free atmosphere in the reaction ves-
sel, and high pH solutions can absorb large amounts of
CO2 from the air (the [CO3

2�] in a hypothetical pH 10,
0.1 M ionic strength solution in equilibrium with the atmo-
sphere would be 0.097 M, Martell et al., 1998). From the
curvature of the experimentally measured heats between
pH 8.8 and 9.9, and the reported enthalpy for CO3

2� pro-
tonation, �18.8 kJ/mol (Martell et al., 1998), we estimate
the maximum concentration of CO3

2� at the start of the
high pH titrations to be 0.001 M. While the presence of
0.001 M CO3

2� would cause a +3 kJ/mol (10%) systematic
error in the value of DH HL4
determined from the high pH

titrations, this level of carbonate contamination would
have a much larger impact on DHHL3

, which normally
should be determinable between pH 5.8 and 7.8. This is
due to the very large uncertainty in the solution speciation
caused by the inaccuracy of the proton balance introduced
by failing to quantitatively account for the presence of
CO3

2�. Any carbonate contamination will be much smaller
in the low pH titrations where the equilibrium total car-
bonate capacity is much lower and the solution speciation
is better constrained by the initial measured pH.

Due to the different effects of CO2 on the titrations, we
split the analysis of the site-specific enthalpies of proton
adsorption into two parts for both the 4-site non-electro-
static and the 2-site Langmuir–Freundlich treatments.
First, the data from the high pH titrations below pH 8.7
were discarded due to issues of carbonate contamination
described above, and the data between pH 8.7 and 9.9 were
used to determine DH HL4

(or DH HL2
for the Langmuir–Fre-

undlich model) from Eq. (3), with the approximations that
Dnx

HLi
¼ 0 for the other sites and that the influence of

CO3
2� on the final protonation enthalpy is small (610%)

in that pH range. The model of Fein et al. (2005) suggests
that the uptake of protons on Sites 1–3 is negligible (61%)
when titrating the bacterial suspension from pH 9.9 to pH
8.7, as we do in the high pH titration. Despite these
approximations, our high pH titration calorimetry data al-
low us to constrain the enthalpy of protonation of Site 4
and to determine the influence that the Site 4 protonation
enthalpy exerts on the thermochemistry of the protonation
reactions occurring below pH 8. The calculated enthalpy of
Site 4 from the two high pH experiments is �35 ± 2 kJ/
mol, as shown in Fig. 3 and reported in Table 1. However,
it should be recognized that this value could be as large as
�38 kJ/mol due to the potential systematic error from CO2

contamination of the high pH solutions.
In the second part of the data analysis, we calculated the

site-specific enthalpies of protonation of Sites 1–3 from Eq.
(3) using the data from the low pH titrations and the value
of DHHL4

determined from the high pH titrations. The
combination of the 4-site speciation model and Eq. (3) pro-
duces an excellent fit (Fig. 2) to the observed corrected
heats of surface protonation. The derived enthalpies of
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proton adsorption are �3.5 ± 0.2, �4.2 ± 0.2, and
�15.4 ± 0.9 kJ/mol for Sites 1–3, respectively. Despite the
much larger uncertainty associated with the enthalpy of
proton absorption at Site 4, the pKa of Site 4 is sufficiently
different from the pKa values of the other sites that the
enthalpy of Site 4 does not significantly influence the other
enthalpies. The exact value used for DH HL4

can be varied
over a wide range (between 0 and �50 kJ/mol) without
changing the protonation enthalpies derived for Sites 1
and 2, and with minimal impact (<0.5 kJ/mol, or 1r) on
the protonation enthalpy of Site 3. Under the four site
model, protonation reactions of Site 4 are also unimpor-
tant in the pH ranges used for the Cd titrations.

Site-specific standard-state entropies of protonation can
be calculated from known values of the standard-state
Gibbs free energy and enthalpy of protonation

DG�ðHLiÞ ¼ DH �ðHLiÞ � TDS�ðHLiÞ; ð4Þ
where T is absolute temperature, DG�(HLi) is the change in
the standard-state Gibbs free energy, DH�(HLi) is the
change in the standard-state enthalpy, and DS�(HLi) is
the change in the standard-state entropy from the proton-
ation of site Li

� as described by Eq. (2). The determination
of the site-specific enthalpy values required for these calcu-
lations is described above; the standard-state Gibbs free
energy value for each site is determined directly from the
acidity constant for each type of functional group on the
bacterial surface through the mass action equation

log KHLi ¼
DG�ðHLiÞ
2:303RT

; ð5Þ

where KHLi is the acid dissociation constant of protonated
Site HLi, and R is the universal gas constant. The calculat-
ed entropies of proton adsorption, with propagated uncer-
tainties, are +51 ± 4, +78 ± 4, +79 ± 5, and +60 ± 20 J/
mol K for Sites 1–4, respectively.

3.3. Langmuir–Freundlich model data analysis

Each of the types of acidic sites previously identified on
the surface of B. subtilis is comprised of many similar, indi-
vidual functional groups (e.g., R–COO� moieties), with
similar pKa values, which interact with each other and with
other components of the cell surface. It is often assumed
that these interactions are important because the environ-
ment experienced by the first protons to go onto a particu-
lar type of site ðL �

i Þ could be significantly different from
the environment encountered by the last protons to bind
to that type of site. If this were true the actual enthalpy
and entropy of the first proton bound to a particular L �

i

would likely be somewhat different from that of the last
proton bound to that type of site. For this reason, we also
performed an alternative data analysis using a Langmuir–
Freundlich model to describe proton binding to the
bacterial surface. The Langmuir–Freundlich model is a
continuum surface complexation model that distributes
proton binding over multiple sites (Koopal et al., 1994),
and may be described by the following equation for the
expression for the total concentration of deprotonated sites
on the bacterial surface

X
½R� Li

�� ¼
Xi

1

½R� LiH�tot

1þ ðaHþ � biÞ
m ; ð6Þ

where the expression is summed for each of the n functional
groups on the cell wall with a protonation constant equal
to bi, R is a bacterium to which a proton-active functional
group type is bound, [R � LiH]tot is the total molar concen-
tration of the nth functional group, and the constant m

controls the width of the bi distribution function. For the
Fein et al. (2005) model of B. subtilis cells, m has a value
of 0.5. Using this model Fein et al. (2005) were equally able
to fit the same potentiometric titration data used to con-
strain their 4-site non-electrostatic model to a 2-site Lang-
muir–Freundlich model, with apparent pKa (logbi) values
of 4.2 (Site 1) and 9.5 (Site 2).

We used the same calorimetric pH titration data, in con-
junction with these apparent pKa values and the Lang-
muir–Freundlich model, to calculate the site-specific
enthalpy of protonation for the two sites represented in
Eq. (6). Using the same approach described above for the
4-site model, we used FITEQL to calculate a new set of
Dnx

HLi
values for each titrant addition using the 2-site Lang-

muir–Freundlich model. We then used these new Dnx
HLi

val-
ues as independent variables in Eq. (3) to derive DH HLi

values for Langmuir–Freundlich Sites 1 and 2 from the val-
ues of Qprot;corr

x for the corresponding titrant addition. The
derived enthalpies of proton adsorption are �3.6 ± 0.2
for Site 1 (apparent pKa = 4.2), and �35.1 ± 0.3 kJ/mol
for Site 2 (apparent pKa = 9.5). The agreement of these
enthalpies with those derived for the sites with similar pKa’s
under the 4-site non-electrostatic model (Table 1) is strik-
ing. It suggests that the constraints on the speciation im-
posed by the independent potentiometric titrations cause
the enthalpies derived from the corresponding calorimetric
data to be more dependent on the protonation constant of
the site than the model used to arrive at that constant. In
this case, it also seems that the actual enthalpies of proton-
ating a particular site do not change significantly as the
proton loading of the site changes as illustrated by the very
different proton loading behaviors of the two models that
produced very similar enthalpies of protonation.

Despite these general similarities of the protonation
enthalpies derived from the two different surface models,
the 4-site non-electrostatic model provides a significantly
better fit. While Figs. 2 and 3 illustrate that the Lang-
muir–Freundlich model provides a reasonable fit to the
calorimetric data, the superiority of the 4-site model in
reproducing the data is particularly apparent between pH
4 and 5 (Fig. 2) above pH 9.7 (Fig. 3). Statistically speak-
ing, the 4-site non-electrostatic model provides a signifi-
cantly better fit, as measured by the reduced v2, which is
three times smaller than that of the Langmuir–Freundlich
2-site model. Although, the two site Langmuir–Freundlich
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model adequately represented the potentiometric proton-
ation data in previous work (Fein et al., 2005), it is less able
to represent the calorimetric data. Consequently, the
remaining interpretation and analysis focuses on the 4-site
model non-electrostatic model.

3.4. Interpretation of the proton adsorption reactions under

the 4-site model

Previous workers have been able to use the characteristic
thermodynamic parameters of various ligand groups to
identify and quantify acidic sites in other large, complex
molecules such as proteins or humic acids (Jespersen and
Jordan, 1970; Perdue, 1978). Considering the 4-site model
of the B. subtilis surface, spectroscopic evidence suggests
that Site 2 is likely composed of carboxylate functionalities,
while Sites 1 and 3 are likely organo-phosphonic acid
groups with different degrees of protonation (Kelly et al.,
2002; Boyanov et al., 2003). The protonation of simple
monofunctional carboxylic acids, e.g., acetate, and the first
protonation of simple organic phosphates ðR–OPO3

2�Þ are
characterized by endothermic to thermoneutral proton-
ation enthalpies and protonation entropies on the order
of +80 to +120 J/mol K (Christensen et al., 1967; Christen-
sen et al., 1976; Martell et al., 1998). This is not in good
agreement with our site-specific thermodynamic parame-
ters (exothermic enthalpies and entropies <80 J/mol K).
However, while the entropies for the addition of the first
proton to multifunctional carboxylic acids, such as citrate
or malonate, usually are similar to those of the monofunc-
tional acids, the addition of subsequent protons to other
acid groups within the molecule is marked by sequentially
smaller, though still positive, protonation entropies (Chris-
tensen et al., 1967; Christensen et al., 1976; Martell et al.,
1998) because of statistical and physical effects (King,
1965; Nancollas, 1966). This trend in the entropies for
successive protonations is also observed for other multi-
functional acids such as the derivatives of methane-1,
1-diphosphonic acid (Nash et al., 1995). The protonation
of subsequent sites in multifunctional acids has a less
consistent impact on protonation enthalpies, but for
carboxylic acids, it generally leads to progressively less
endothermic/more exothermic protonation enthalpies, as
typified by citric or malonic acid.

Consequently, the thermodynamic parameters derived
from our primary, 4-site, data analysis supports the previ-
ous assignments of Sites 1–3 from the 4-site model. In addi-
tion, these parameters also suggest that the functional
groups on the bacterial surface behave more like multifunc-
tional organic acids with nearby proton-active sites rather
than simple monofunctional acids with a single isolated
functional group. Thus, multifunctional organic acids are
likely better analogues than monofunctional acids in mod-
eling the acidity behavior of the functional groups present
on bacterial surfaces. This perspective is also supported by
the thermodynamic parameters for the protonation of the
carboxylate sites of the highly multifunctional humic and
fulvic acids. (Choppin and Kullberg, 1978; Perdue, 1978;
Rao and Choppin, 1995). The protonation enthalpies for
the more acidic sites of these polyfunctional molecules
(pKa < 8) are exothermic (�0.4 to �13.9 kJ/mol), just as
we observe for the bacterial surface. Likewise the proton-
ation entropies, +66 to +86 J/mol K, are somewhat smaller
than the values found for the first protonation step of most
carboxylic acids. In the absence of corroborating spectro-
scopic data, any comments about the identity Site 4 would
be only speculative. The enthalpy of Site 4 is much more
exothermic than would be expected for carboxylic or phos-
phonic acids and may be more consistent with amine or
hydroxyl functional groups, such as phenols.

The thermodynamic parameters derived from our alter-
native data analysis involving the Langmuir–Freundlich
2-site protonation model also are consistent with this inter-
pretation. That is, the thermodynamic parameters from the
Langmuir–Freundlich treatment indicate that the function-
al groups on the bacterial surface behave more like multi-
functional carboxylic or organo-phosphonic acids due to
protonation enthalpies being exothermic (e.g., �3.6 kJ/
mol for Site 1). This additional analysis illustrates that, de-
spite the chosen model of the bacterial surface protonation,
the bulk exothermic enthalpies and nature of proton bind-
ing put rigorous constraints on the site-specific enthalpies
one can derive.

3.5. Cd adsorption reactions

The cumulative background corrected heat evolved by
titration of a Cd(ClO4)2 solution into the bacterial suspen-
sion is shown as a function of the total moles of Cd added
in Fig. 4. In contrast to the protonation experiments, where
we observed exothermic heats, the bulk heats produced as
Cd adsorbs onto the bacterial surface are endothermic, in
general agreement with the observation of Weppen and
Hornburg (1995). The continued uptake of heat at the
highest Cd concentrations illustrates that the bacterial sur-
face did not reach saturation and continued to adsorb Cd
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throughout the titration experiment. In fact, the maximum
Cd loading never exceeded 15% of the proton capacity of
even the lowest concentration site on the B. subtilis surface.

For the calorimetry measurements of surface proton-
ation, the background corrected heat is only a product of
proton adsorption reactions; however, for the Cd adsorp-
tion titrations, the background corrected heat includes
the heat from both Cd-bacterial wall adsorption reactions
and protonation/deprotonation reactions that occur as
the bacterial suspension comes to equilibrium after each
addition of Cd. In the pH ranges studied, the pH change
caused by each Cd addition is small (the total pH change
over an entire titration was 60.1 in both cases), because
the pH of the bacterial suspension and the titrant were well
matched. Despite this, Cd adsorption alters the concentra-
tion of free adsorption sites, L�i , which causes the concen-
tration of the HLi sites to shift accordingly. In the Cd
adsorption titrations, changes in the degree of protonation
are responsible for ca. 30% of the background corrected
heat and must be accounted for when calculating the
enthalpies of Cd adsorption.

Eq. (7) describes the relationship between the cumula-
tive background corrected heat at the xth addition of Cd,
and the individual contributions from each adsorption site
(omitting charges on the Cd species for simplicity)

�
Xn

x¼1

Qcorr
x ¼

X4

i¼1

ðDHCdLi n
x
CdLi
þ DHHLi n

x
HLi
Þ; ð7Þ

where DH CdLi is the enthalpy of adsorption of Cd onto site
L�i per mole of CdLi formed, nx

CdLi
represents the total

number of moles of Cd adsorbed onto site L�i , and nx
HLi

represents the change in the number of moles of species
HLi from the beginning of the titration. Values for nx

CdLi

at each point of the titration are determined from the Cd
adsorption model of Borrok et al. (2004b), who used bulk
measurements of Cd adsorption onto B. subtilis to derive
stability constants for the important Cd-bacterial surface
complexes. Their model was based on the bacterial surface
protonation model of Fein et al. (2005), and involved Cd
adsorption onto bacterial surface Sites 2 and 3 with the fol-
lowing reaction stoichiometry:

Li
� þ Cd2þ $ CdLi

�: ð8Þ
Alternate attempts to model Cd adsorption data using the
Langmuir–Freundlich model for the bacterial surface pro-
tonation reactions could not successfully reproduce the ex-
tents of adsorption observed under the conditions of the
calorimetric titrations; consequently, for the Cd data anal-
ysis we only considered the model by Borrok et al. (2004b).
Using Fein’s protonation constants, Borrok’s stability con-
stants (corrected to 0.1 M ionic strength using the Davies
equation), and the known total concentrations of Cd, pro-
tons, and each of the Li sites, one can calculate the values
of nx

CdLi
and nx

HLi
associated with each addition of Cd-con-

taining titrant during the experiment. Since nx
CdL1

and nx
CdL4

are zero in the Borrok model of Cd adsorption, Eq. (7)
contains two unknown parameters, DH CdL2
and DH CdL3

.
The best fit of these parameters to the Cd titrations at
pH 5.34 and 5.95 gives enthalpies of �0.2 ± 0.4 and
+14.4 ± 0.9 kJ/mol for Cd adsorbing onto Sites 2 and 3,
respectively (Fig. 4).

The Cd adsorption enthalpies derived from our calori-
metric measurement are relatively insensitive to the uncer-
tainties in the protonation enthalpies of Sites 1–3.
Inaccuracies in the protonation enthalpy of Site 3 would
have the largest impact on the derived Cd-binding enthal-
pies, but varying DHHL3

within its 2r uncertainty limits
changes the Cd adsorption enthalpies by 0.3 kJ/mol, which
is significantly less than the uncertainty in the fit. Using the
same approach that we used to calculate the protonation
entropies, we calculate the following entropies of Cd
adsorption, +57 ± 4 and +128 ± 5 J/mol K, at Sites 2
and 3, respectively.

3.6. Implications of the derived enthalpies and entropies

The calculated values for the enthalpies of Cd adsorp-
tion by the bacterial surface are similar to those expected
for Cd complexation by anionic oxygen ligands, which
are typically endothermic to slightly exothermic (Martell
et al., 1998). The similarity in enthalpies suggests that the
binding mechanisms between metals and the anionic oxy-
gens on organic acids such as citrate and acetate are similar
to those that are responsible for Cd binding to the organic
acid functional group sites on the bacterial surface. This ex-
plains the success of predictive tools such as the linear free
energy correlations invoked by Fein et al. (2001), who dem-
onstrated a relationship between measured stability con-
stants for metal-bacterial surface complexes and
corresponding metal-organic acid anion stability constants.
Similarities in binding environments make these predictive
tools possible and are likely the cause of the similar enthal-
pies of Cd adsorption onto the bacterial surface functional
groups.

Entropies of complexation can provide information on
the coordination environment of complexed metals, e.g.,
inner sphere versus outer sphere complexation and met-
al–ligand stoichiometries. The formation of a metal–ligand
complex in solution would initially seem to decrease the
number of particles in a solution, thus imparting order
and causing a decrease in the entropy of the system
(DS < 0). This is often untrue. Inner sphere complexes have
positive entropies of complexation because the complexa-
tion event displaces solvating water molecules from the
coordination sites of the metal and ligand. The displace-
ment of water molecules from the coordination sites
increases the disorder of the system, causing large positive
entropies of complexation (Nancollas, 1966). Negative
complexation entropies, on the other hand, characterize
outer sphere complexes because the formation of outer
sphere complexes does not displace any coordinated water
molecules when a metal ion associates with the ligand func-
tional group. In addition to the lack of dehydration during
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outer sphere complexation, the association of the metal
and ligand decreases the number of particles in the solu-
tion, further increasing the order in the system and result-
ing in more negative entropies of complexation. The
entropies of Cd complexation onto bacterial surface Sites
2 and 3 derived from our experiments are both significantly
positive, which is indicative of inner sphere coordination.
These results are fully consistent with EXAFS that found
inner sphere binding of Cd onto carboxyl and phosphoryl
groups on B. subtilis (Boyanov et al., 2003).

The magnitude of a complexation entropy is related to
the extent of dehydration caused by complexation and con-
sequently to the identity and number of ligands binding the
metal (Choppin, 1997; Jensen et al., 2000). Therefore, the
entropy of complexation can provide information not only
on the nature of complexation, but also on the number of
ligands involved in the complexation. Typical complexa-
tion entropies for inner sphere binding of Cd with a single
deprotonated carboxyl ligand such as acetic, ethoxyacetic,
or phenylthio acetic acid, range between +30 and +50 J/
mol K (Martell et al., 1998), with an average of
+35 ± 5 J/mol K per carboxylate. This can be compared
to the value reported for a more weakly hydrated divalent
cation, Ca2+, which is +25 ± 4 J/mol K per bound carbox-
ylate (Rizkalla and Choppin, 1992). Entropies for the inner
sphere binding of Cd to deprotonated phosphoryl ligands
ðR–PO3

2�Þ are expected to be approximately +65 J/mol K
per bound phosphoryl, based on empirical ratios of the
complexation entropies obtained for the 1:1 complexes of
other divalent metal cations with related dicarboxylate
and diphosphonate ligands (Martell et al., 1998). While
these values are approximate, they can provide some con-
straints on Cd binding onto the bacterial cell wall. For
example, since the binding of Cd to two spatially con-
strained phosphoryl groups will displace approximately
twice the number of water molecules as binding to a single
group, the entropies associated with Cd-bisphosphoryl
binding should be twice that of Cd-phosphoryl binding,
and would therefore likely be ca. +130 J/mol K.

Within this framework, the measured entropy of Cd
adsorption onto bacterial surface Site 2 (+57 J/mol K), sug-
gests that each Cd ion is bound to an average of one to two
Site 2 ligands (57/35 = 1.6), if as suggested by EXAFS
experiments, Site 2 is composed of carboxyl functionalities
(Kelly et al., 2002; Boyanov et al., 2003). Our calculated
entropy of Cd adsorption onto bacterial surface Site 3
(+128 J/mol K), which is most likely a phosphoryl function-
al group, would then suggest that Cd is bound to two ligands
in Site 3 (128/65 = 2.0). These results are consistent with the
EXAFS study of Boyanov et al. (2003), who examined Cd
adsorption onto B. subtilis cells, and found evidence for in-
ner sphere binding of Cd onto phosphoryl sites under pH
conditions above 5.9. The entropies of Cd adsorption at Site
2 from our study provide additional constraints on the bind-
ing that occurs below pH 5.9, experimental conditions at
which the stoichiometry of binding could not be resolved
using EXAFS (Boyanov et al., 2003).
Estimations of the temperature dependence of proton
adsorption based on the enthalpies suggest that little
change in the acidity constants occurs with increasing tem-
perature between 25 and 75 �C for Sites 1–3, and a modest
change occurs for Site 4. These estimates for Sites 1–3 are
consistent with the only experimental data available on
protonation behavior of B. subtilis at elevated tempera-
tures. Potentiometric titrations of B. subtilis at elevated
temperatures have shown there to be little if any tempera-
ture dependence, up to a temperature of 75 �C, of the pro-
tonation constant for functional groups whose pKa is
below 7.7 (Wightman et al., 2001). If we assume that the
DCp values, the relative heat capacities of the products
and the reactants, are zero for the protonation reactions,
we can use the van’t Hoff equation, in conjunction with
the enthalpies from this study to calculate the expected
temperature dependence of the protonation constants.
The calculated acidity constants for the B. subtilis function-
al groups decrease approximately 0.1 log units between 25
and 75 �C for Sites 1 and 2, 0.4 log units for Site 3, and 0.9
log units for Site 4. The expected changes in acidity con-
stants for Sites 1–3 are too small to be reliably quantified
by acid—base titrations at elevated temperature. The
expected change to the Site 4 acidity constant is more sig-
nificant, but may also reflect the relatively higher uncer-
tainties associated with the Site 4 enthalpy of protonation
compared to the values for the other sites. The titrations
in the Wightman et al. (2001) study did not exceed pH 9;
therefore, their model of the bacterial surface did not in-
clude a fourth site with a pKa above 7.7. Consequently,
our expected change for the pKa’s of Sites 1–3 is within
the reported error limits of the pKa’s associated with the
3-site model of Wightman et al. (2001). Performing similar
calculations with the van’t Hoff equation using our enthal-
pies of Cd adsorption and assuming DCp = 0 for the Cd
adsorption reactions yields a predicted decrease in the logK

value of Cd adsorbing onto Site 2 of 0.005 log units and an
increase of 0.4 log units for Site 3 between 25 and 75 �C.
This suggests that Cd adsorption onto Site 2 at elevated
temperatures can be determined reasonably accurately
using the stability constant for Cd adsorption reactions
from 25 �C experiments. Our predicted stability constant
for Cd adsorption onto Site 3 at 75 �C suggests that there
would be a slight increase in Cd uptake, although the ex-
tent may not be detectable by bulk adsorption experiments.

4. Conclusions

Titration calorimetry of bacterial surface adsorption
reactions is a powerful technique for gaining a new under-
standing of the reactivity of bacterial cell walls. Bulk calo-
rimetry data are useful in gaining a qualitative view of the
enthalpies and entropies, e.g., they differentiate between
exothermic and endothermic reactions and provide con-
straints on bulk adsorption. The bulk heat measurements
of bacterial surface protonation reactions in this study indi-
cate that bacterial surface functional groups are not fully
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protonated under the pH conditions studied, even at pH
values as low as 2.5. Interpretation of the measured bulk
heats in this study, using a surface complexation model
of the bacterial surface to determine the relative contribu-
tions to the bulk heat from individual functional groups,
yields site-specific enthalpies and entropies of protonation
and Cd adsorption onto B. subtilis. These data provide
mechanistic details of proton and Cd adsorption that are
impossible to glean from bulk adsorption experiments,
spectroscopic approaches, or from thermodynamic model-
ing alone. The molecular-scale information that calorime-
try offers significantly enhances our understanding of
bacterial cell wall reactivity, and improves our ability to
incorporate bacterial adsorption reactions into geochemi-
cal models of mass transport in geologic systems.
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