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Abstract

Bacterial surface adsorption reactions are influenced by electric field effects caused by changes in ionic strength; however, existi
are too sparse to definitively constrain these differences or to determine the best way to account for them using thermodynamic
this study, we examine the ionic strength dependence of proton and metal adsorption onto the surfaces ofPseudomonas mendocinaand
Pseudomonas putidaby conducting proton, Cd(II), Pb(II), and Sr(II) adsorption experiments over the ionic strength range of 0.001 to
Chosen experimental results are thermodynamically modeled using a non-electrostatic approach, a diffuse layer model (DLM), an
layer model (TLM). The results demonstrate that bacterial surface electric field effects are negligible for proton, Cd, and Pb a
ontoP. putidaandP. mendocina, and that the discrete site non-electrostatic model developed in this study is adequate for describi
reactions. The extent of Sr adsorption is influenced by changes in the bacterial surface electric field; however, the non-electrost
better describes Sr adsorption behavior than the DLM or TLM. The DLM and TLM greatly overpredict the effect of the electric field
adsorption reactions at all ionic strengths tested.
 2005 Elsevier Inc. All rights reserved.
Keywords:Bacteria; Adsorption; Diffuse layer; Triple layer; Electrostatic; Cd; Sr; Pb
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1. Introduction

Negatively charged organic-acid functional groups pr
ent on bacterial cell walls can adsorb significant concen
tions of aqueous metal cations[1,2]. Because bacteria ar
abundant in most near-surface geologic settings[3], they
may be important in controlling the availability and cyclin
of trace metals[4,5], and in the fate and transport of hea
metal contaminants[6]. Because of their environmental si
nificance, a range of thermodynamic models have been
veloped to describe bacterial surface adsorption reac
(e.g., [7–11]). Several studies have suggested that elec
double-layer interactions on the bacterial surface play an
portant role in proton and metal binding[7,10,12,13], and a
* Corresponding author.
E-mail address:dborrok@nd.edu(D.M. Borrok).
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number of different surface electric field models have b
adopted to account for these effects. For example, nu
ous studies have adopted a constant capacitance electro
approach, relating surface charge to surface potential u
an arbitrarily assigned capacitance value[8,14–16]. Other
workers [7,10,17] have adopted the Donnan electrosta
model, which invokes the assumption that all counter i
necessary to balance the bacterial surface charge are h
geneously distributed within the hydrated bacterial cell w
volume[18]. This Donnan volume can either be empirica
derived, estimated, or directly measured using transmis
electron microscopy.

However, despite the seemingly large number of p
posed thermodynamic models and electrostatic treatm

very few studies have examined the effect of ionic strength
on bacterial adsorption reactions over a broad range of elec-
trolyte concentration (>1 order of magnitude, e.g.,[10]).

http://www.elsevier.com/locate/jcis
mailto:dborrok@nd.edu
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Moreover, a number of studies have arbitrarily assigned e
trostatic correction factors for data collected at a single io
strength (e.g.,[8,15]). Other studies have focused on bac
rial cell wall components which, although useful, may n
be entirely representative of the bacterial surface ele
field in systems with whole cells[7,12]. Finally, there is lit-
tle agreement among studies as to the magnitude of i
strength effects on bacterial surface adsorption reaction
as to whether these effects are unique for each bact
species of interest.

Ledin et al.[19] measured the extent of metal (Cs,
Eu, Zn, Cd, Hg) adsorption onto the Gram negative b
terium Pseudomonas putida, and found that the extent o
adsorption for all of these metals decreased with incr
ing ionic strength (0.01 to 0.1 M). However, the magnitu
of this increase was relatively insignificant for Cs, Eu, a
Hg. Daughney and Fein[13] examined the ionic strengt
dependence of proton and metal (Cd, Cu, Pb) binding o
two Gram positive bacteria (B. subtilisandB. licheniformis)
by performing acid–base titrations and metal adsorption
periments at ionic strengths of 0.01 and 0.1 M. The pro
binding constants used to fit the titration data in this st
were roughly similar for each ionic strength; however,
parent site densities for both bacteria increased slightl
response to increased salt concentration. The metal b
ing results from this study were difficult to interpret in th
the extent of metal binding ontoB. subtilis generally de-
creased with increasing ionic strength, while the exten
metal binding ontoB. licheniformisgenerally increased wit
increasing ionic strength. Cox et al.[9] also measured pro
ton binding toB. subtilisover the more narrow ionic streng
range of 0.025 to 0.1 M, and similarly described a resul
increase in apparent site density with increasing salt con
tration. Hass and Dichristina[20] observed almost no affec
on the adsorption of protons and U(VI) to the surface
the Gram negative bacterium,Shewanella putrefaciens, over
the ionic strength range of 0.02 to 0.1 M. Small et al.[21]
demonstrated that the concentration of Sr adsorbed to
surface ofShewanella algadecreased as ionic strength i
creased from a very low value (dilute) to 0.1 M. Martinez
al. [10] performed acid–base titrations ofB. subtilisand the
Gram negative bacteriumEscherichia coliat ionic strengths
of 0.01, 0.05, 0.1, and 0.5 M. They describe a decreas
apparent total site density with increasing ionic strength
B. subtilis. Conversely, the apparent total site density
E. coli increased when ionic strength was raised from 0
to 0.05 M, but remained constant at higher ionic streng
Yee et al.[17] observed large decreases in the extents of
sorption of Sr, Ba, and Ca to the surface ofB. subtilisas
ionic strength increased from 0.001 to 0.1 M. These stu
suggest that the relationship between ionic strength and
terial surface adsorption reactions is highly dependent u
the component adsorbed (i.e., different behaviors exis

protons and various metals), but that the magnitude of elec-
trostatic effects may not be dependent upon which bacterial
species is involved. However, existing datasets are simply
nd Interface Science 286 (2005) 110–126 111
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too sparse to definitively constrain these differences o
determine the best way to account for them using thermo
namic models.

In this study, we expand our understanding of the io
strength dependence of proton and metal adsorption
bacterial surfaces by conducting proton, Cd, and Pb ads
tion experiments at ionic strengths of 0.01, 0.1, and 0.5
using Pseudomonas mendocinaand Pseudomonas putida.
These species were chosen for study because they are
mon Gram negative aerobes found in near-surface geo
systems, and very few studies have examined the effe
ionic strength on metal adsorption onto Gram negative b
terial surfaces. We supplement traditional pH-edge ads
tion experiments with Cd, Pb, and Sr ionic strength isoth
experiments (constant pH experiments with variable io
strength, 0.001 to∼0.6 M). We use a discrete site surfa
complexation modeling approach to determine best-fit
bility constants and site densities for selected datasets. M
eling parameters are constrained using a non-electros
approach to quantify and examine the magnitude of the
fect of ionic strength on proton and metal binding reactio
The non-electrostatic modeling results are then compare
model parameters developed using diffuse layer and tr
layer electrostatic treatments.

2. Materials and methods

2.1. Bacteria and growth conditions

P. mendocinais a strictly aerobic, Gram negative, ro
shaped bacterium approximately 2 µm long and 0.5 to 1
wide, and was isolated from near-surface soils at the Ne
test site[22]. P. putida is an aerobic Gram negative ba
terium of similar dimensions that was purchased from Am
ican Type Culture Collection (#33015).

Bacteria were initially cultured in 3 ml of trypticase so
broth with 0.5% yeast extract for 24 h at 32◦C, then trans-
ferred to 1 L of broth of the same composition and gro
for another 24 h at 32◦C. Bacteria were harvested from th
growth media by centrifugation, transferred to test tub
and washed five times in a NaClO4 electrolyte solution. The
ionic strength of the wash solution was chosen to match
of the experiment in which the bacteria were to be us
NaClO4 was chosen as the experimental electrolyte bec
the perchlorate anion does not form complexes to an
preciable extent with protons, Cd2+, Pb2+, or Sr2+, under
the experimental conditions. During each wash, the bac
were suspended in fresh electrolyte solution using a vo
machine and stir rod. Bacteria were centrifuged for 5 m
at 8000 rpm (≈7150g) to form a pellet at the base of th
test tube and the electrolyte was discarded. After the fi
wash, the bacteria were placed in weighed test tubes

◦
centrifuged (7000 rpm (≈5500g) at 25 C) for 1 h, stop-
ping three times to decant all supernatant. After 1 h, the
mass of the moist bacterial pellet was determined. The mass
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recorded during this step is the wet mass we report thro
out this study. This wet mass is approximately 5 times m
than the dry mass of the bacteria[11]. The bacterial pelle
was immediately used in potentiometric titrations or in
adsorption experiments. Although the bacterial cells rem
visually intact after this treatment (when observed using
environmental scanning electron microscope (ESEM)[23]),
they are not expected to be metabolizing during experim
because of the lack of electron donors and nutrients and
cause of the short (<3 h) experimentation times.

2.2. Potentiometric titration experiments

Titration experiments were performed (in triplicate)
suspensions ofP. mendocinaand P. putida. Bacteria were
harvested from the growth media and washed as desc
above. They were then suspended in approximately 10
of 0.01, 0.1, or 0.5 M NaClO4 that had been purged of CO2
by N2 bubbling for 60 min. The suspension was immediat
placed into a sealed titration vessel maintained under a
itive pressure of N2. Titrations were conducted using an a
tomated burette assembly. Each suspension was first tit
to the desired starting pH of∼2.5, using minute aliquots o
1.040 N HNO3. Base titrations were then performed usi
aliquots of 1.028 N NaOH. Titrations were performed to
maximum pH of 9.7 to avoid cellular damage to the bac
ria. During each titration, the suspension reached a stab
of 0.001 pH units/s prior to the addition of the next aliquo
of acid or base. The total volume of acid and base added
ing each of the titrations ranged from about 3.0 to 3.5%
the starting volume of the solution.

2.3. Cd and Pb adsorption and kinetics experiments

Cd adsorption experiments were conducted at 0.1 M io
strength in batch reaction vessels using 10 and 3 g/L P. men-
docinaandP. putida. Pb adsorption experiments were co
ducted in the same fashion using 3 and 0.5 g/L P. mendocina
and 3 and 1 g/L P. putida. Additional experiments at ioni
strengths of 0.01 and 0.5 M were conducted for the 10/L
Cd and the 0.5 and 1 g/L Pb experiments for each bacter
type. Because Cd and Pb have very different binding af
ties for the bacterial surface, it was necessary to adjus
bacteria:metal ratio for these experiments accordingly to
sure adsorption edges would occur over the tested pH ra
All experiments were conducted using 10 ppm (10−4.05 M
Cd and 10−4.32 M Pb) of the chosen metal (diluted fro
a 1000 ppm atomic absorption standard). The upper p
the Pb adsorption experiments was purposefully limited
values of about pH 6.5, because aqueous Pb-hydroxide
Pb-carbonate species become increasingly important a
this pH. We cannot accurately constrain binding const

for these additional Pb species without additional experi-
ments conducted over a broad range of pH and carbonate
concentrations.
nd Interface Science 286 (2005) 110–126
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The pH of the metal stock solution was adjusted to
cumneutral values prior to the addition of bacteria to av
acid shock to the cells. The weighed bacterial pellets w
suspended in the metal-bearing electrolyte (NaClO4) stock
solution and gently stirred until homogeneously distribut
Approximately 10 ml aliquots of the homogeneous bacte
metal–electrolyte suspensions were transferred into ind
ual batch reaction vessels. The pH of each batch ex
ment was adjusted to the desired value using small volu
of 0.01 or 0.1 M NaOH or HNO3. Each batch experi
ment was then allowed to equilibrate on a rotating r
for 2 h (P. mendocina) or 4 h (P. putida), and the equilib-
rium pH was measured (equilibration times were determi
through kinetics experiments described below). Each s
ple was then centrifuged, filtered through a 0.45 µm ny
syringe filter membrane, acidified to prevent precipitati
and analyzed for the dissolved metal using an inductiv
coupled plasma–atomic emission spectroscopy (ICP–A
technique. Calibration standards were made using the s
electrolyte used in the experiments. Analytical uncerta
for most samples was determined to be less than app
imately ±2%. Samples from the 0.5 M electrolyte expe
ments were diluted 5 times and internally spiked with aY

standard prior to analyses using the ICP–AES technique
scribed above. Analytical uncertainty for these samples
greater, ranging from±2 to 5%. The accuracy of several
the 0.5 M Cd samples was further tested using an elem
two-sector field ICP–mass spectrometer (MS). Uncertain
for the ICP–MS samples were about±1%, and proved to be
similar (within error) of the ICP–AES results. The decre
in aqueous metal concentration that occurred during e
experiment was attributed to metal adsorption onto the
terial cell wall. Control experiments in our laboratory (da
not shown) have demonstrated that metal adsorption ont
experimental apparatus is negligible.

Adsorption and desorption kinetics experiments w
conducted using 10 g/L P. mendocinaandP. putida. These
experiments were conducted to define an adequate e
bration time for the metal adsorption experiments and
verify the reversibility of the adsorption reactions. Wash
bacteria were suspended in stock solutions of 10 ppm
and 0.1 M NaClO4 and gently agitated using a stir bar. Du
ing the adsorption kinetics experiments, the starting pH
each stock solution (2.8) was rapidly raised to (and held
≈4.0 using small aliquots of 1.0 or 0.1 M NaOH. 10
aliquots of the bacteria–metal–electrolyte suspension w
removed as a function of time, centrifuged, filtered, ac
fied, and later analyzed for dissolved Cd using the ICP–A
technique described above. The metal–electrolyte–bac
stock solutions for the desorption experiments were g
tly agitated with a stir bar and allowed to equilibrate
4 h at pH∼ 7.5 (it was determined that about 90% of
tal Cd was adsorbed at this pH). The pH of the desorp

stock solutions were then lowered to∼4.0 using aliquots
of 1.0 or 0.1 M HNO3. 10 ml aliquots of the bacteria–metal–
electrolyte suspension were removed as a function of time.
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The vessels were promptly centrifuged, filtered, acidifi
and analyzed for Cd as described previously.

2.4. Ionic strength isotherm experiments with Sr, Cd,
and Pb

Ionic strength isotherm experiments for Sr, Cd, and
were conducted using 10 ppm of each metal and 6, 3,
1 g/L of P. putida, and 6, 3, and 0.5 g/L of P. mendocina.
Bacteria were initially suspended in a pH-neutral stock
lution of 0.001 M NaClO4 with the chosen metal, and th
suspension was continuously mixed using a magnetic sti
and plate. During the initial portion of the experiment, t
pH of each stock solution was held constant at a pH∼ 6.0
through the addition of small aliquots of 0.01 or 0.1
NaOH or HNO3. The pH was held at this value becau
earlier adsorption experiments indicated that a signific
portion of the total metals would be adsorbed under th
conditions. After 2 h of equilibration time at pH∼ 6.0, 10 ml
aliquots of the homogeneous bacteria–metal–electrolyte
pensions were transferred into individual batch reaction
sels. The ionic strength of each reaction vessel was adju
to the desired value through the addition of small concen
tions of reagent grade, crystalline NaClO4. Using this tech-
nique, the error associated with calculating ionic strength
each reaction vessel is estimated to be about±5%. Each
batch experiment was then allowed to equilibrate on a
tating rack for 2 h (P. mendocina) or 4 h (P. putida), and
the equilibrium pH was measured. The vessels were
centrifuged, filtered, acidified, and analyzed for the exp
mental metal using the ICP–AES technique described pr
ously. However, in this case numerous calibration stand
and dilutions were necessary in order to closely match
electrolyte concentration of the standards to that of e
batch experiment. Analytical uncertainty for these samp
was about±3%.

3. Modeling approach

3.1. Discrete site surface complexation model

We use a discrete site surface complexation approac
model titration and metal adsorption data. This appro
has been described previously[8,11,23,24], and a brief
overview is presented below. We represent the deprotona
of organic-acid functional groups on the bacterial surf
with a number of discrete monoprotic acids according to
reaction

R–AiH0 ⇔ R–A−
i + H+, (1)

where R is the bacterium to which the functional gro
type Ai is attached. The proton binding constant,Ka, for
reaction(1) can be expressed as
(2)Ka = [R–A−
i ]aH+

[R–AiH0] ,
nd Interface Science 286 (2005) 110–126 113
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where [R–A−
i ] and [R–AiH0] represent the concentration

deprotonated and protonated sites, respectively, for sitei ,
andaH+ represents the activity of protons in the bulk so
tion. The number of discrete surface binding site types,
concentration of each site, and the proton binding stab
constant for each site are determined through the mode
of the potentiometric titration data.

We represent metal adsorption onto the bacterial sur
as an interaction between an aqueous metal cation (M2+)
and a deprotonated surface site to form a bacterial sur
complex according to the reaction

M2+ + R–A−
i ⇔ R–Ai(M)+, (3)

with a stability constant,K , for this reaction given by

(4)K = [R–Ai (M)+]
aM2+[R–A−

i ] ,

where [R–Ai(M)+] is the concentration of the bacterial su
face complex of interest, andaMm+ is the aqueous activity o
the metal cation.

Our model is a simplification of what is likely an e
tremely complex chemical system, and should not be tre
as an exact representation of the chemical speciation
mechanisms involved. We assume a 1:1 (metal:ligand) c
plexation stoichiometry for all adsorption reactions in o
study. However, if actual complexation stoichiometries v
from the assumed reactions, predictions of metal comp
ation under conditions where bacterial surface sites bec
saturated (e.g., higher metal:bacteria ratios than tested i
study) could be erroneous. Moreover, if additional compl
ation mechanisms not tested in our study become signifi
under extremely low or extremely high metal:bacteria rat
equilibrium constants for these reactions must be inclu
to predict complexation with bacterial surfaces under th
conditions.

3.2. Model calculations

We utilize the program FITEQL 2.0 to solve for fun
tional group site concentrations and proton and metal b
ing stability constants[25]. The relative goodness of fit o
each tested model is quantified using the residual func
V (Y ), from the FITEQL 2.0 output for each model. Low
V (Y ) values signify better fits, andV (Y ) values between 0
and 20 can generally be considered good fits[25].

Activity coefficient corrections are made within FITEQ
using the Davies equation. Application of the Davies eq
tion to systems with ionic strengths greater than about 0.
can introduce errors in calculated activity coefficients. Ho
ever, activity coefficients for ions in our study calculat
using the Davies equation are within 0.03 to 0.04 units of
activity coefficients for these ions calculated using the
tended Debye–Hückel equation, which has been calibr

for high ionic strengths[26]. Because activities are not as-
signed for bacterial surface species and the activity of pro-
tons in solution (pH) is a measured quantity that is input
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into FITEQL as serial data, very small errors are associ
with the application of the Davies equation for models in
study. These errors are well within acceptable limits beca
they allow us to achieve a consistent comparison am
different models at different ionic strengths that would
otherwise be possible. Aqueous metal hydroxide specie
each experimental system are accounted for in our mo
using equilibrium constants from Baes and Mesmer[27].

3.3. Bacterial surface electric field models

The problem of how to best account for electric field
fects on bacterial surface adsorption reactions is not stra
forward. The characteristics of the bacterial surface ar
many ways more like those of organic macromolecules (e
humic and fulvic acids) than those of mineral surfaces.
example, the functional groups present on mineral surf
can be assumed to occupy the outer surface of a rigid p
while those on bacterial surfaces are present througho
semi-rigid, three-dimensional fabric of substantial thickne
Organic macromolecules are similar to bacterial surface
that functional groups associated with the molecules occ
a three-dimensional polyelectrolytic mixture of aliphatic a
aromatic hydrocarbons, but are different in that their str
ture is much less rigid than that of a bacterial cell wall o
mineral surface. Functional groups present on the surfac
specific oxide minerals are often assumed to be of the s
character and to possess identical binding affinities (i.e
single site modeling approach can be used to describe th
Conversely, bacterial surfaces contain a number of ch
cally distinct functional groups that can only be mechan
tically described using multi-site models. Chemical[28,29]
and spectroscopic[30–33]evidence suggests that carbox
phosphoryl, hydroxyl, and amine moieties can be impor
proton-active functional groups on most bacterial surfa
Similarly, chemically distinct carboxyl and phenolic fun
tional groups are present in humic and fulvic acids. Fina
mineral surfaces typically have a definable zero poin
charge (ZPC) because the functional groups present on
surfaces become doubly protonated and positively cha
at low pH. This ZPC concept is not directly applicable
bacterial surfaces. The monoprotic, organic-acid functio
groups present on the bacterial surface do not become
bly protonated and positively charged at low pH. Althou
electrophoretic mobility studies suggest that some bac
ial species can carry a net positive charge at very low
(largely below 3.0; e.g.,[17]), this does not mean that th
critical organic-acid functional groups become doubly p
tonated or that one can use this information to define a
ZPC for bacterial species. Organic macromolecules are
ilar to bacterial surfaces in that they are absent of a true Z
carrying a net negative charge over the pH range for wh

they are dissolved (largely over 2.0). Hence, the approaches
used to describe electric field interactions for mineral sur-
faces (e.g., double-layer and triple-layer models) may not be
nd Interface Science 286 (2005) 110–126
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directly applicable for describing electric field interactio
with bacterial surfaces.

In our study, we use a non-electrostatic modeling
proach to quantifying the effect of ionic strength on mo
eling parameters. This is an appropriate first step, bec
only after we have defined the type and magnitude of e
trostatic effects on bacterial surface adsorption reactions
we determine what kind of electrostatic corrections mus
made to account for them. Hence, the parameters we dev
using the non-electrostatic approach are ‘apparent’ para
ters because they can change in response to changes
electric field surrounding the bacterial surface. Alternat
intrinsic modeling parameters are referenced to the co
tion of zero surface charge and are unaffected by cha
in ionic strength. The relationship between an apparent
bility constant and an intrinsic stability constant can be
pressed according to the following reaction,

(5)Kapparent= Kintrinsicexp(−�ZFΨ/RT ),

whereF and R are Faraday’s constant and the ideal
constant, respectively,T is absolute temperature,�Z is the
change in the charge of the surface species in the reac
andΨ is the electric field potential[34]. The value forΨ
is calculated using one of the various surface electric fi
models that relate surface charge to electric potential. Ap
cation of a surface electric field model requires knowle
of the specific surface area of the solid. The uncertain
involved in cell density and cell geometry calculations
large. Hence, we assign the value previously calculate
Fein et al.[8] for B. subtilis(140 m2/wet gram) for the sur
faces ofP. mendocinaandP. putida.

We also use the diffuse layer model (DLM) with
FITEQL to solve for proton binding stability constants a
functional group site concentrations for comparison to
non-electrostatic modeling results. This approach uses
Gouy–Chapman–Stern–Grahame relationship to relate
face potential (Ψ ) to surface charge (σ ) according to the
following equation,

(6)Ψ = (2RT/zF)sinh−1
(

σ√
8RT εε0c

)
,

wherez andc are the valence and concentration of the co
terion, respectively,ε is the dielectric constant of water, an
ε0 is the vacuum permittivity[34]. The diffuse layer treat
ment is advantageous in that there are no empirically
rived parameters associated with its application; howe
this same fact renders the approach rather inflexible.

We also use the triple-layer model (TLM) approach
some examples for comparison to the non-electrostatic
DLM approaches. The triple-layer approach is the m
common surface electric field model for mineral surfac
It is based on the idea that charge is developed at the
face of the mineral (O-plane) and electrolyte counterions

solution form complexes with the mineral surface functional
group sites beginning some distance away from the surface
(β-plane). The diffuse layer is present some distance away
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from the counterion complexes, beginning at thed-plane.
Each plane of charge has its own electric potential and
system can be modeled as a set of parallel plate capac
Hence, adjustable parameters for the TLM includeC1 (the
capacitance between the first two planes) andC2 (the ca-
pacitance between the next two planes)[35]. Although they
can be measured or predicted in theory, the stability cons
values for electrolyte complexation with surface functio
groups (Kcation and Kanion) are also treated as adjustab
parameters in practice[36,37]. Because of the difference
between bacterial surfaces and mineral surfaces, we
modify the TLM somewhat for our application. For exam
ple, because we use a discrete number of monoprotic a
to represent bacterial surface functional group sites, the
never become positively charged. Hence, we cannot defi
stability constant for the electrolyte anion in solution bin
ing to a positively charged functional group site (Kanion). We
define the stability constant,Kcation (the electrolyte cation
Na+, binding to a negatively charged functional group si
according to the following reaction:

Na+ + R–A−
i ⇔ R–Ai(Na)0. (7)

Also, the TLM is most often used with a single-site mo
eling approach; however, we adapt it for use in a multi-
system.

4. Experimental and modeling results

4.1. Potentiometric titration experiments

P. putidaandP. mendocinaexhibit significant buffering
capacity over the entire pH range studied (about 2.5 to 9
and the titration curves are similar in shape and posi
to each other as well as to those determined previously
a number of individual bacterial species (e.g.,[8,14]) and
consortia of bacterial species[11,38]. The shapes and pos
tions of the titration curves for each bacterial species cha
slightly as a function of ionic strength from 0.01 to 0.5 M
The titration data (reported as H+ consumed per wet gram
of bacteria) forP. putidaandP. mendocinaare presented in
Figs. 1 and 2, respectively.

We first model the titration data using the non-elect
static approach to determine apparent proton binding
stants (Ka values from Eq.(2)) and apparent site densitie
for each bacterium at each ionic strength. We determine
minimum number of discrete functional group sites that
required to account for the buffering capacity of each b
terial suspension by sequentially testing models with
through five proton-active sites. Models with four prot
binding sites yield significantly better fits to each of the tit
tion datasets at each of the ionic strengths than models

fewer sites. In each case, five site models do not converge
indicating that they are underconstrained and that the data
do not support a non-electrostatic model with five or more
nd Interface Science 286 (2005) 110–126 115

.

t

t

Fig. 1. Potentiometric titration data forP. putidareported as H+ consumed
per gram of bacteria with average best-fit curves for the non-electros
model (solid curve and squares), DLM (solid curve and triangles), and T
(solid curve and circles). Data for only one of the three titrations perfor
at each ionic strength are shown for clarity. Values are positive for net
consumed; negative for net base consumed. (P) 0.01 M ionic strength data
(1) 0.1 M ionic strength data, and (!) 0.5 M ionic strength data.

Fig. 2. Potentiometric titration data forP. mendocinareported as H+
consumed per gram of bacteria with average best-fit curves for
non-electrostatic model (solid curve and squares), DLM (solid curve
triangles), and TLM (solid curve and circles). Data for only one of the th
titrations performed at each ionic strength are shown for clarity. Values
positive for net acid consumed; negative for net base consumed. (P) 0.01 M
ionic strength data, (1) 0.1 M ionic strength data, and (!) 0.5 M ionic
strength data.

discrete sites. The averaged apparent proton binding
stants, apparent site densities, andV (Y ) values for the best
fit P. putidaandP. mendocinamodels at each ionic streng
are compiled inTables 1 and 2, respectively. The averag
non-electrostatic model fits for all the ionic strength data
each bacterium are presented with the original data inFigs. 1
and 2, respectively. We define the four discrete functio

,group sites with the lowest to highest pKa (− logKa) values
for P. putidaas sites 1 through 4, respectively, and those for
P. mendocinaas sites A through D, respectively.
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Table 1
Average non-electrostatic, DLM, and TLM proton binding stability constants and functional group site concentrations for triplicateP. putidatitrations per-
formed at three different ionic strengths

Ionic
strength

V (Y ) Proton binding stability
constants (pKa)

Functional group site concentrations
(mol/wet gram)

1 2 3 4 1 2 3 4 Totala

Four-discrete-site non-electrostatic model
0.01 M

Average 0.94 2.84 4.68 6.33 9.16 8.71E−5 9.09E−5 4.83E−5 4.40E−5 2.7E−4
Std. dev. 0.33 0.37 0.13 0.14 0.11 4.28E−5 9.15E−6 6.88E−6 3.93E−6 4.5E−5

0.1 M
Average 0.59 3.04 4.57 6.34 9.18 9.30E−5 1.17E−4 5.28E−5 6.21E−5 3.3E−4
Std. dev. 0.07 0.06 0.02 0.02 0.02 5.09E−6 3.53E−6 1.32E−6 1.95E−6 6.6E−6

0.5 M
Average 1.34 3.67 4.96 6.52 9.20 1.13E−4 8.85E−5 4.21E−5 1.32E−4 3.8E−4
Std. dev. 0.87 0.18 0.23 0.19 0.08 1.63E−5 1.90E−5 8.57E−6 1.01E−5 2.8E−5

Two-site diffuse layer electrostatic model
0.01 M

Average 8.29 2.24 4.94 NA NA 1.83E−4 4.71E−5 NA NA 2.3E−4
Std. dev. 0.72 0.13 0.39 NA NA 1.72E−5 5.56E−6 NA NA 1.8E−5

0.1 M
Average 5.74 2.76 5.74 NA NA 2.39E−4 5.97E−5 NA NA 3.0E−4
Std. dev. 0.35 0.05 0.12 NA NA 3.96E−6 7.19E−7 NA NA 4.0E−6

0.5 M
Average 6.77 3.65 7.55 NA NA 2.33E−4 1.49E−4 NA NA 3.8E−4
Std. dev. 1.47 0.03 0.23 NA NA 7.68E−6 3.39E−5 NA NA 3.5E−5

Three-site triple-layer electrostatic model
0.01 M

Average 5.78 1.94 3.14 5.76 NA 8.28E−5 9.95E−5 4.27E−5 NA 2.3E−4
Std. dev. 4.84 0.39 0.35 0.56 NA 6.64E−6 1.56E−5 8.58E−6 NA 1.8E−5

0.1 M
Average 2.08 3.02 4.16 7.07 NA 1.36E−4 9.35E−5 6.29E−5 NA 2.9E−4
Std. dev. 0.62 0.24 0.46 0.36 NA 2.26E−5 1.98E−5 4.41E−6 NA 3.0E−5

0.5 M
Average 1.36 4.05 5.16 8.44 NA 1.56E−4 8.26E−5 2.11E−4 NA 4.5E−4
Std. dev. 0.41 0.05 0.06 0.10 NA 8.02E−6 4.03E−6 4.54E−5 NA 4.6E−5
FITEQL was used to calculate pK values based on Eq.(2) in the text,K = [R–A−]a /[R–A H0]. NA, not applicable for model.
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Modeling results indicate that the pKa values for each
bacterium are very similar (Tables 1 and 2). Fig. 3 presents
the pKa values for each bacterial species as a function
ionic strength. Although the pKa values for site 1 (low-
est P. putida pKa) increase slightly with increasing ion
strength, the other pKa values for both bacterial species e
hibit little or no dependence upon salt concentration (Fig. 3).
The apparent total site densities (the sum of the con
trations of binding sites for each of the four discrete sit
for P. putidaandP. mendocinaare within 2σ uncertainties
of each other, as compared at each ionic strength (Fig. 4).
However, the apparent total site densities for both bac
increase with increasing ionic strength. The apparent
density forP. putidaincreases by about 40% over the ion
strength range of 0.01 to 0.5 M, while the apparent site d
sity for P. mendocinaincreases by about 20% over the sa
range (Fig. 4).
The titration data were remodeled using the DLM ap-
proach for comparison to the non-electrostatic approach. We
again determine the minimum number of discrete functional
i H+ i

group sites required to account for the buffering capa
of each bacterial suspension by sequentially testing m
els with one through five proton-active sites. Models w
two proton binding sites yield significantly better fits to ea
of the titration datasets at each of the ionic strengths
models with only one site. However, models with three
more sites do not converge, indicating that they are un
constrained and that the data do not support a DLM w
more than two sites. The averaged apparent proton b
ing constants, site densities, andV (Y ) values for the best-fi
P. putidaandP. mendocinaDLMs are compiled inTables 1
and 2, respectively, and the average DLM fits (for the a
erage of all the ionic strength data for each bacterium)
presented inFigs. 1 and 2, respectively.

Using the DLM approach to model the titration da
yields pKa values for both bacteria that are strongly d
pendent upon ionic strength. For example, the pKa values

for P. mendocinaincrease by more than a log unit from 2.1
to 3.3 (first site) and 4.8 to 6.8 (second site) as ionic strength
increases from 0.01 to 0.5 M (Tables 1 and 2). The ap-
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Table 2
Average non-electrostatic, DLM, and TLM proton binding stability constants and functional group site concentrations for triplicateP. mendocinatitrations
performed at three different ionic strengths

Ionic
strength

V (Y ) Proton binding stability
constants (pKa)

Functional group site concentrations
(mol/wet gram)

A B C D A B C D Totala

Four-discrete-site non-electrostatic model
0.01 M

Average 1.02 2.86 4.66 6.33 9.04 9.07E−5 1.11E−4 6.03E−5 5.13E−5 3.1E−4
Std. dev. 0.29 0.19 0.07 0.07 0.04 1.47E−5 2.38E−6 1.80E−6 1.24E−6 1.5E−5

0.1 M
Average 0.33 3.42 4.74 6.51 9.25 9.58E−5 1.24E−4 5.08E−5 8.06E−5 3.5E−4
Std. dev. 0.09 0.11 0.11 0.12 0.11 1.54E−5 9.61E−6 3.04E−6 1.30E−5 2.3E−5

0.5 M
Average 0.38 3.27 4.61 6.33 8.91 1.10E−4 1.28E−4 4.77E−5 7.93E−5 3.7E−4
Std. dev. 0.11 0.12 0.02 0.06 0.16 4.83E−6 1.29E−5 4.65E−6 1.01E−5 1.7E−5

Two-site diffuse layer electrostatic model
0.01 M

Average 5.48 2.10 4.79 NA NA 2.21E−4 5.99E−5 NA NA 2.8E−4
Std. dev. 1.39 0.08 0.15 NA NA 2.50E−6 2.27E−6 NA NA 3.4E−6

0.1 M
Average 3.74 2.80 6.12 NA NA 2.73E−4 7.18E−5 NA NA 3.5E−4
Std. dev. 0.17 0.11 0.15 NA NA 2.50E−6 2.27E−6 NA NA 3.4E−6

0.5 M
Average 4.37 3.31 6.75 NA NA 2.69E−4 8.25E−5 NA NA 3.5E−4
Std. dev. 1.05 0.05 0.28 NA NA 8.92E−6 5.46E−6 NA NA 1.0E−5

Three-site triple-layer electrostatic model
0.01 M

Average 2.03 1.44 2.53 5.20 NA 9.40E−5 1.29E−4 5.51E−5 NA 2.8E−4
Std. dev. 0.05 0.10 0.07 0.07 NA 2.61E−6 2.04E−6 1.61E−6 NA 3.7E−6

0.1 M
Average 1.63 2.96 4.03 6.95 NA 1.60E−4 9.95E−5 7.97E−5 NA 3.4E−4
Std. dev. 0.37 0.32 0.44 0.40 NA 4.36E−5 2.57E−5 1.81E−5 NA 5.4E−5

0.5 M
Average 1.41 3.22 4.09 7.11 NA 1.51E−4 1.22E−4 8.69E−5 NA 3.6E−4
Std. dev. 0.26 0.37 0.51 0.30 NA 2.44E−5 3.41E−5 1.08E−5 NA 4.3E−5
FITEQL was used to calculate pKa values based on Eq.(2) in the text,Ka = [R–A−
i

]aH+/[R–AiH
0]. NA, not applicable for model.

a Total functional group site concentrations.

Fig. 4. Apparent total functional group site densities forP. putida(gray bars)

Fig. 3. Apparent proton binding stability constants (pKa) for P. putidaand
P. mendocinaat ionic strengths of 0.01, 0.1, and 0.5 M. Error bars represent
calculated 1σ uncertainties based on modeling of three replicate titrations.
andP. mendocina(clear bars) at ionic strengths of 0.01, 0.1, and 0.5 M.
Error bars represent calculated 1σ uncertainties based on modeling of three
replicate titrations.
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parent total site densities (the sum of the concentrat
of the two binding sites developed using the DLM) f
P. putidaand P. mendocinaare somewhat similar, but no
within 2σ uncertainties of each other, as compared at e
ionic strength. The apparent total site densities for both
teria also increase with increasing ionic strength using
DLM approach (Tables 1 and 2). The apparent site densi
for P. putidaincreases by about 60% over the ionic stren
range of 0.01 to 0.5 M, while the apparent site density
P. mendocinaincreases by about 25% over the same io
strength range (Tables 1 and 2).

The titration data were again remodeled, this time us
the TLM approach for comparison to the non-electrost
and DLM approaches. Because of the large number of
justable parameters in the TLM, we began our analysis
settingC1 = 1.2 F/m2 and C2 = 0.2 F/m2. These values
were chosen because they are those commonly assum
triple-layer models of mineral surfaces[37]. We systemati-
cally varied the number of discrete functional group sites
the cation stability constants (Kcation) for each site, while al-
lowing the pKa and site density values to vary to best
each dataset. We use this approach to constrain the nu
of discrete sites and the best-fitKcation values for the 0.1 M
data for each bacterium first, and then apply these valu
determine if they can independently account for the rem
ing data collected at lower and higher ionic strengths
each bacterium separately. It was determined that a three
model with logKcation values of−3.8, −5.8, and−10.0, for
the sites with the lowest to highest pKa values, respectively
provided the best fit for both theP. putidaandP. mendocina
0.1 M datasets. TheC1, C2, andKcation values were then
used as fixed parameters for the remainder of the mo
ing. The averaged apparent proton binding constants,
densities, andV (Y ) values for the best-fitP. putida and
P. mendocinamodels at each of the ionic strengths tes
are compiled inTables 1 and 2, respectively, and the ave
age TLM model fits (for the average of all the ionic stren
data for each bacterium) are presented inFigs. 1 and 2, re-
spectively.

Like the DLM results and unlike the non-electrosta
model results, the TLM proton binding constant values
both bacteria are strongly dependent upon ionic strength
example, the pKa values forP. mendocinaincrease by more
than a log unit from 1.4 to 3.2 (first site), 2.5 to 4.1 (seco
site), and 5.2 to 7.1 (third site), as ionic strength increa
from 0.01 to 0.5 M. The pKa results forP. putidaexhibit
similar variability. The apparent total site densities (the s
of the concentrations of binding sites for the three disc
sites) forP. putidaand P. mendocinaare again somewha
similar, but are not within 2σ uncertainties of each other, a
compared at each ionic strength. The apparent total site
sities for both bacteria increase significantly with increas

ionic strength. The apparent total site density forP. putidain-
creases by about 100% over the ionic strength range of 0.01
to 0.5 M, while the apparent total site density forP. men-
nd Interface Science 286 (2005) 110–126
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Fig. 5. Results from adsorption and desorption kinetics experiments
ducted usingP. putida. Closed circles (") represent desorption results f
pH 4.0. Open circles (!) represent adsorption results for pH 4.3. Op
squares (1) represent duplicate adsorption results for pH 4.1.

Fig. 6. Results from adsorption and desorption kinetics experiments
ducted usingP. mendocina. Closed circles (") represent desorption resul
for pH 3.9. Open circles (!) represent adsorption results for pH 3.9.

docinaincreases by about 30% over the same ionic stre
range.

4.2. Cd adsorption/desorption kinetics

Adsorption/desorption kinetics data forP. putida and
P. mendocinaare presented inFigs. 5 and 6, respectively.
The Cd desorption kinetics data forP. putidaindicate that a
steady-state extent of adsorption (at pH∼ 4.0) occurs within
about 30 min; however, the data from the Cd adsorption
netics experiment usingP. putidashow that full adsorption
takes about 4 h after an initial rapid (<30 min) adsorption

step. This trend of initial rapid Cd adsorption followed by
slower Cd adsorption was confirmed in duplicate experi-
ments (also shown inFig. 5). Conversely, adsorption and
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Fig. 7. Cd adsorption data for 10 g/L (!, 0.01 M ionic strength;", 0.1 M
ionic strength;1, 0.5 M ionic strength) and 3 g/L (�) P. putidaexperi-
ments. All Cd adsorption experiments were conducted using 10 ppm
The best non-electrostatic model fits for the individual 10 g/L datasets at
each ionic strength are presented as solid curves, and the best mode
the 3 g/L data is a dashed curve.

desorption of Cd occurred rapidly in the kinetics expe
ments usingP. mendocina. A steady-state extent of adsor
tion (at pH≈ 3.9) was reached in less than one hour in e
experiment.

4.3. Cd and Pb adsorption experiments

The concentrations of Cd adsorbed to the surface
P. putida and P. mendocinaincrease as a function of in
creasing pH, forming characteristic adsorption edges (Figs. 7
and 8, respectively). As expected, the adsorption edges
the experiments that used the largest bacteria:metal r
occur at lower pH than those that used lower bacteria:m
ratios. The positions of the adsorption edges for the exp
ments conducted at 0.01, 0.1, and 0.5 M ionic strengths
roughly similar for each individual bacterial species. Ho
ever, the final extent of Cd adsorption was consistently gr
est in the 0.01 M experiments and was consistently lea
the 0.5 M experiments. Data points below pH∼ 3.5 are not
shown or used in modeling calculations because meta
sorption results can be strongly influenced by damag
bacteria under acidic pH conditions (e.g.,[24]), and ionic
strength can vary considerably from the initial experimen
values as the concentration of protons in solutions increa
Avoiding low pH data points in our study has no effect
the metal binding constants we develop; however, additio
metal binding constants may be necessary to fully desc
metal binding under acidic pH conditions. When compa
at the same ionic strength and bacterial concentration
Cd adsorption edges forP. putidaoccur at slightly lower pH

than do those forP. mendocina. For example, 50% Cd uptake
occurs at pH∼ 3.5 for the 10 g/L (0.1 M) experiment using
P. putida, while it occurs at pH 4.0 for the 10 g/L (0.1 M) ex-
nd Interface Science 286 (2005) 110–126 119

r

.

Fig. 8. Cd adsorption data for 10 g/L (!, 0.01 M ionic strength;", 0.1 M
ionic strength;1, 0.5 M ionic strength) and 3 g/L (�) P. mendocinaexper-
iments. All Cd adsorption experiments were conducted using 10 ppm
The best non-electrostatic model fits for the individual 10 g/L datasets at
each ionic strength are presented as solid curves, and the best mode
the 3 g/L data is a dashed curve.

periment usingP. mendocina. It was necessary to extrapola
the pH where 50% Cd uptake occurred in theP. putidaex-
periment (Fig. 7). Hence, this value is associated with so
uncertainty.

P. putidaandP. mendocinaexhibit Pb adsorption behav
ior that is similar to that observed for Cd in that adso
tion increases with increasing pH and with increasing b
teria:metal ratio (Figs. 9 and 10, respectively).P. putidaPb
adsorption results are similar to those for Cd in that the gr
est extent of Pb adsorption occurs in the 0.01 M experim
However, unlike the Cd data, the extents of Pb adsorption
P. mendocinaare virtually indistinguishable for the 0.01, 0.
and 0.5 M ionic strength experiments. Pb adsorption ed
for P. putidaandP. mendocina(both at 3 g/L bacteria) oc-
curred at similar pH, reaching and maintaining maxim
adsorption of about 90% total Pb adsorbed at approxima
pH 5.0.

We model Cd adsorption data forP. putidaandP. men-
docina using a non-electrostatic approach to exam
changes in apparent Cd binding constants in respons
(1) changes in ionic strength at the same bacteria:m
ratio, and (2) changes in bacteria:metal ratio at the s
ionic strength. To examine the effect of ionic strength,
constrain metal binding models using the average pro
binding parameters developed through modeling of triplic
titrations (at each ionic strength for each bacterial spec
seeTables 1 and 2). The best-fit metal binding models a
determined by testing the fits of models involving me
binding onto any combination of the four deprotonated fu

tional group sites. The apparent Cd binding constants and
correspondingV (Y ) values for all the best-fit models are
compiled inTable 3.
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Fig. 9. Pb adsorption data for 1 g/L (!, 0.01 M ionic strength;", 0.1 M
ionic strength;1, 0.5 M ionic strength) and 3 g/L (�, 0.1 m ionic strength)
P. putidaexperiments. All Pb adsorption experiments were conducted u
10 ppm Pb. The best non-electrostatic model fits for the individual 1/L
datasets at each ionic strength are presented as solid curves, and th
model fit for the 3 g/L data is a dashed curve.

Fig. 10. Pb adsorption data for 0.5 g/L (!, 0.01 M ionic strength;", 0.1 M
ionic strength;1, 0.5 M ionic strength) and 3 g/L (�, 0.1 m ionic strength)
P. mendocinaexperiments. All Pb adsorption experiments were condu
using 10 ppm Pb. The best non-electrostatic model fits for the indivi
0.5 g/L datasets at each ionic strength are presented as solid curves, a
best model fit for the 3 g/L data is a dashed curve.

The best-fit models for Cd adsorption onto 10 g/L
P. putidaat all ionic strengths involve the complexation
Cd with the deprotonated forms of sites 2 and 3. The b
fit models for Cd adsorption onto 10 g/L P. mendocinaat
all ionic strengths are identical in that they involve the co
plexation of Cd with the deprotonated forms of sites B and

Binding onto the lowest pKa sites was not necessary to fit the
P. putidaor P. mendocinadata because low-pH data points
(pH < 3.5) are not included as part of this analysis (see dis-
nd Interface Science 286 (2005) 110–126

st

e

Table 3
Log apparent Cd binding stability constants for best-fit non-electros
adsorption models for 10 g/L P. putidaandP. mendocinaexperiments con-
ducted at 0.01, 0.1, and 0.5 M ionic strengths and for 3 g/L P. putidaand
P. mendocinaexperiments conducted at 0.1 M ionic strength

Bacterium and
ionic strength

V (Y ) Site 1 Site 2 Site 3 Site 4

P. putida

0.01 M (10 g/L) 0.10 NA 3.77 5.30 NA
0.1 M (10 g/L) 2.44 NA 4.27 4.08 NA
0.5 M (10 g/L) 1.65 NA 4.26 4.74 NA
0.1 M (3 g/L) 1.48 NA 4.17 4.82 6.21

P. mendocina Site A Site B Site C Site D

0.01 M (10 g/L) 0.84 NA 4.01 4.77 NA
0.1 M (10 g/L) 2.55 NA 4.00 5.40 NA
0.5 M (10 g/L) 6.29 NA 3.40 5.30 NA
0.1 M (3 g/L) 4.45 NA 3.84 3.73 5.90

FITEQL was used to calculated stability constants based on Eq.(4) in text,
K = [R–Ai (M)+]/aM2+ [R–A−

i
].

cussion above). The best fitting model for each datas
presented with the adsorption data inFigs. 7 and 8.

Next, we use the non-electrostatic approach to mode
3 g/L:10 ppm Cd datasets for the 0.1 M ionic strength s
tems for each bacterium. The best-fit Cd binding models
determined as described above, and the apparent Cd
ing constants and correspondingV (Y ) values for the best-fi
3 g/L models are compiled inTable 3. The best-fit models
for Cd adsorption onto 3 g/L P. putidaandP. mendocinaat
0.1 M ionic strength involve the complexation of Cd wi
the deprotonated forms of sites 2, 3, and 4 and sites A
and C, respectively. These models are different from
10 g/L models in that Cd binding onto site 4 (site D f
P. mendocina) is additionally necessary to account for t
adsorption data at the highest pH. The best-fit models fo
3 g/L P. putidaandP. mendocinaexperiments are presente
as dashed curves inFigs. 7 and 8, respectively.

We model Pb adsorption ontoP. putidaandP. mendocina
in the same fashion as the Cd adsorption datasets. The
0.1, and 0.5 M datasets collected from the 1 g/L P. putida
and 0.5 g/L P. mendocinaexperiments are modeled first
examine the effect of ionic strength on apparent Pb bind
constants. The best-fit models for Pb adsorption onto 1/L
P. putidaat ionic strengths of 0.01 and 0.1 M involve t
complexation of Pb with the deprotonated forms of site
and 3. Complexation of Pb with site 2 alone was neces
to best fit the 1 g/L P. putidadata at an ionic strength o
0.5 M. The best-fit models for Pb adsorption onto 0.5 g/L
P. mendocinaat all ionic strengths are identical in that th
involve the complexation of Pb with the deprotonated for
of sites B and C. The apparent Pb binding constants and
respondingV (Y ) values for the best-fit models are compil
in Table 4, and the model fits for each dataset are prese
with the raw data inFigs. 9 and 10. The best-fit models

for Pb (10 ppm) adsorption onto 3 g/L P. putidaand onto
3 g/L P. mendocinaat 0.1 M ionic strength each involve the
complexation of Pb with the deprotonated form of site 2 (or
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Table 4
Log apparent Pb binding stability constants for best-fit non-electrostati
sorption models for 1 g/L P. putidaand 0.5 g/L P. mendocinaexperiments
conducted at 0.01, 0.1, and 0.5 M ionic strengths and for 3 g/L P. putida
andP. mendocinaexperiments conducted at 0.1 M ionic strength

Bacterium and
ionic strength

V (Y ) Site 1 Site 2 Site 3 Site 4

P. putida

0.01 m (1 g/L) 2.24 NA 5.04 5.60 NA
0.1 m (1 g/L) 11.2 NA 4.85 5.14 NA
0.5 m (1 g/L) 29.8 NA 4.90 NA NA
0.1 m (3 g/L) 0.31 NA 5.14 NA NA

P. mendocina Site A Site B SiteC Site D

0.01 m (0.5 g/L) 5.30 NA 4.94 5.60 NA
0.1 m (0.5 g/L) 8.12 NA 5.12 6.20 NA
0.5 m (0.5 g/L) 7.38 NA 5.08 6.20 NA
0.1 m (3 g/L) 1.38 NA 5.27 NA NA

FITEQL was used to calculated stability constants based on Eq.(4) in text,
K = [R–Ai (M)+]/aM2+ [R–A−

i
].

site B) only. The apparent Pb binding constants for the 3/L
data are also are compiled inTable 4, and the best-fit mode
curves are presented inFigs. 9 and 10.

4.4. Cd, Pb, and Sr isotherm experiments

In this set of experiments, the pH of each batch re
tion vessel for each isotherm experiment was held cons
while the ionic strength of each vessel was manipulated.
pH for the Cd, Pb, and Sr isotherm experiments avera
5.9 ± 0.2, 5.5 ± 0.2, and 6.3 ± 0.2, respectively, for both
bacterial species. The ionic strength of each reaction ve
ranged from 0.001 to∼0.6 M. The extents of Cd, Pb, an
Sr adsorption that we observed for each bacterial specie
creased as a function of increasing ionic strength, form
a gently dipping series of data points when plotted on a
scale (Figs. 11, 12, and 13for each of the metals, respe
tively). The ionic strength effects on the extent of Cd a
Pb adsorption as a function of ionic strength are simila
magnitude, and are similar for both bacterial species tes
Conversely, the magnitude of the changes in the exten
Sr adsorption from low to high ionic strength are similar
each bacterium, but are much greater in magnitude tha
observed in the Cd and Pb experiments. For example
amount of adsorbed Cd and Pb changes by about 20%
the ionic strength range of 0.001 to 0.6 M, while the amo
of adsorbed Sr changes by more than 40% over this s
ionic strength range.

We model each ionic strength isotherm using the n
electrostatic approach, as described above for the adsor
edge data; however, we additionally input the ionic stren
of the electrolyte solution at each experimental point as
rial data in our models. The average of the proton bind
constants and site densities for all three ionic strengths

each bacterium separately) were used as input to constrain
the ionic strength isotherm models. We chose to calculate
best-fitting Cd/Pb binding constants for metal complexation
nd Interface Science 286 (2005) 110–126 121
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Fig. 11. Cd adsorption isotherm data for 3 g/L P. putida (") and 3 g/L
P. mendocina(!) at constant pH (5.9 ± 0.2), constant total Cd concen
tration (10 ppm), and variable ionic strength (0.001 to 0.6 M). The b
non-electrostatic model fits for each dataset, constrained for Cd bin
onto site 2 forP. putidaand site B forP. mendocina, are presented as sol
curves.

Fig. 12. Pb adsorption isotherm data for 1 g/L P. putida (") and 1 g/L
P. mendocina(!) at constant pH (5.5 ± 0.2), constant total Pb concen
tration (10 ppm), and variable ionic strength (0.001 to 0.6 M). The b
non-electrostatic model fits for each dataset, constrained for Pb binding
site 2 forP. putidaand site B forP. mendocina, are presented as solid curve

with site 2/B only, and best-fitting Sr binding constants
complexation with site 3/D only (the site with a higher pKa
was chosen because the equilibrium pH for these exp
ments was higher than those for the Pb and Cd experime
By utilizing this approach, we can determine the degre
which a non-electrostatic model is capable of describing
observed changes in ionic strength. Because this model
not account for changes in the bacterial surface electric fi
and the experiments were conducted at a constant pH
total metal concentration, only changes in the activity co

ficient of the metal cation (as a function of ionic strength)
can influence in the shape of the best-fit curve for each ex-
periment.
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Fig. 13. Sr adsorption isotherm data for 6 g/L P. putida (") and 6 g/L
P. mendocina(!) at constant pH (6.3 ± 0.2), constant total Sr concen
tration (10 ppm), and variable ionic strength (0.001 to 0.6 M). The
non-electrostatic model fits for each dataset, constrained for Sr binding
site 3 forP. putidaand site C forP. mendocina, are presented as solid curve

Model fits for both the Cd and Pb datasets are in ex
lent agreement with the observed extents of adsorption
the entire ionic strength range of the experiments (Figs. 11
and 12). For example, theV (Y ) values for Pb and Cd com
plexation with site B ofP. mendocinaare 0.8 and 0.6, re
spectively, andV (Y ) values are 3.7 and 0.4 for Pb a
Cd complexation with site 2 ofP. putida, respectively. The
calculated log apparent Cd binding constants forP. putida
andP. mendocinaare both 4.3, while the best-fit log appa
ent Pb binding constants for these bacteria are 5.0 and
respectively. The binding constants constrained by mo
ing the ionic strength isotherms agree remarkably well w
those developed independently by modeling adsorption e
data. For example, the log Cd binding constants for si
of P. putida and site B ofP. mendocinathat were con-
strained from adsorption edge data ranged from 3.8 to
and from 3.4 to 4.0, respectively, for experiments conduc
at 0.01, 0.1, and 0.5 M ionic strength (Table 3). The log
Pb binding constants for site 2 ofP. putidaand site B of
P. mendocinathat were constrained from adsorption ed
data ranged from 4.9 to 5.0 and from 4.9 to 5.1, respecti
(Table 4).

Best-fit models for the Sr datasets are not capabl
fitting the data over the entire ionic strength range tes
(Fig. 13). Hence, the model fits result in a largerV (Y ) value
of 24.8 for complexation with site 3 ofP. putidaand aV (Y )

value of 15.2 for complexation with site C ofP. mendocina.
Log binding constant values for Sr complexation are 4.2
both bacterial species. Best-fit models are presented as
curves for each dataset inFigs. 11, 12, and 13.

We test whether the DLM approach provides a better fi
the Sr isotherms than the non-electrostatic model. Howe
the required input for the DLM approach within FITEQL r

quires that a single concentration value be entered for the
symmetrical electrolyte. Hence, we cannot model the entire
ionic strength isotherm dataset as a single unit, inputting
nd Interface Science 286 (2005) 110–126
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ionic strength as serial data, as was done previously
ing the non-electrostatic approach. Instead, we are force
compare DLM and non-electrostatic approaches by mo
ing each individual data point within each Sr binding data
separately. We use this approach to calculate the speci
binding constant that is necessary to perfectly fit each
dividual data point. In this fashion, we calculate differe
values of the Sr binding constant for each data point,
we compare the effectiveness of each modeling approac
calculating the standard deviation associated with the a
age calculated Sr binding constant value developed usin
DLM and non-electrostatic approaches. The model that
the least variability (smallest standard deviation) in bind
constant values over the entire ionic strength range, is
model that best fits the dataset. As with the non-electros
models, we use the average DLM proton binding and
density parameters for all three ionic strengths (for e
bacterium separately) to constrain Sr binding constants
choose to constrain Sr binding constants for complexa
with the second (higher pKa) site of the DLM. The results
of this modeling demonstrate that log binding constant
ues for Sr binding developed using the DLM approach
erage 2.0 with a 1σ uncertainty of 0.6 for theP. putidaSr
dataset, and average 0.9 with a 1σ uncertainty of 0.7 for the
P. mendocinaSr dataset. The log binding constant values
Sr binding developed using the non-electrostatic appro
average 4.2 with a 1σ uncertainty of 0.1 for theP. putidaSr
dataset, and average 4.2 with a 1σ uncertainty of 0.1 for the
P. mendocinaSr dataset.

5. Discussion

5.1. Proton adsorption behavior and ionic strength

Although there are measurable changes in the shap
theP. putidaandP. mendocinatitration curves as a functio
of ionic strength (Figs. 1 and 2), non-electrostatic modelin
results demonstrate that ionic strength has a small or n
gible effect on proton binding constants over the tested io
strength range of 0.01 to 0.5 M. Apparent total site dens
for each bacterium increase with increasing ionic stren
by about 40% forP. putidaand about 20% forP. mendocina.
Similar increases in total site density with increasing io
strength are reported by Daughney and Fein[13] for the
Gram positive bacterial speciesB. subtilis and B. licheni-
formis, and by Cox et al.[9] for B. subtilis. Martinez et al.
[10] observed a similar trend for the Gram negative bacte
species,E. coli, in that apparent total site densities increa
by about 20% from 0.01 to 0.05 M ionic strength, but
mained the same between 0.05 and 0.5 M ionic stren
Although there are a limited number of studies availa
for comparison, it appears that the ionic strength effects

protonation reactions on bacterial surfaces are ‘universal’
in that they affect different Gram positive and Gram nega-
tive bacterial species similarly. Martinez et al.[10] describe
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an exception to this observation, by showing that under
conditions of their study the apparent total site density
B. subtilisfirst went up slightly from 0.01 to 0.05 M ioni
strength, but then decreased slightly when ionic strength
increased to 0.5 M.

The four-site non-electrostatic surface complexat
model developed in our study not only fits the titration d
reasonably well at each ionic strength, but the effect of io
strength on apparent proton binding constants and site
sities is relatively small. For example, the magnitude of
observed differences in apparent total site density over
tested ionic strength range is similar to the 2σ errors calcu-
lated from triplicate titration experiments at each individ
ionic strength. Equivalent model fits to the titration datas
at each ionic strength can be achieved using the DLM
TLM treatments (Figs. 1 and 2). However, the effect of ionic
strength on the intrinsic DLM and TLM proton binding co
stants and site densities is large, and is much greater tha
effect of ionic strength on the apparent stability consta
developed using the non-electrostatic approach.

Because the effect of ionic strength on protonation re
tions on the bacterial surface is small, the DLM and TL
approaches significantly overpredict the magnitude of e
trostatic corrections necessary to describe these reac
Overprediction of the diffuse-layer potential using the DL
has been demonstrated previously at high ionic strength
mineral surfaces[39]; however, the TLM has been succes
fully applied for modeling protonation reactions on mine
surfaces at ionic strengths greater than those tested in
study [37]. Careful comparison of the magnitude of ele
trostatic effects on raw titration data from bacterial surfa
and mineral surfaces (data compiled by Sahai and Sve
sky [37]) suggests that the shapes and positions of titra
data change more for mineral surfaces than for bacterial
faces in response to equal changes in salt concentration
example, at pH 6.0, the charge on the surface ofP. putida
changes by about 0.025 C/m2 over the ionic strength rang
of 0.01 to 0.5 M, while the charge on corundum and goet
change by about 0.05 C/m2 at the same pH over a simila
ionic strength range[37]. This suggests that the electrosta
treatments developed for mineral surfaces cannot be dir
applied to bacterial surfaces, because the surface charg
bacteria and mineral surfaces change disproportionately
function of ionic strength. This result is not entirely surpr
ing because the bacterial surface is not actually a ‘surf
but a three-dimensional fabric organic polymers. In contr
the changes in protonation behavior for humic and fu
acids as a function of salt concentration appear to be
ilar to those observed for bacterial surfaces. The shapes
positions of titration curves for most humic and fulvic ac
change in similar ways and in similarly small magnitudes
those of bacterial surfaces as a function of ionic strength
compilation by Milne et al.[40]). Using a similar four-site

non-electrostatic surface complexation model to that devel-
oped in this study, Borrok and Fein[41] show that the ionic
strength effects on proton binding for a variety of humic and
nd Interface Science 286 (2005) 110–126 123
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fulvic acids (over the range of 0.01 to 0.3 M) is rather sm
and of similar magnitude to that described for the bacte
surfaces in this study. Hence, for most modeling appl
tions, it may be reasonable to employ a similar discrete
surface complexation model, neglecting the effect of io
strength on proton binding onto bacterial surfaces and
solved humic substances.

5.2. Metal adsorption/desorption kinetics

Our results demonstrate that different Gram negative
terial species can exhibit significantly different metal a
sorption and desorption reaction kinetics. The rapid ads
tion and desorption of Cd ontoP. mendocinaare similar to
the rate of adsorption and desorption previously obse
for Cd binding toB. subtilis[8] and for Zn adsorption ont
the Gram negative bacterium from the genusEnterobacteri-
aceae[15]. However, the two-step, 4-h adsorption proc
observed for Cd binding ontoP. putida is most similar to
that previously observed for Cd adsorption ontoE. coli [14].
It is unclear whether differences in the kinetics of Cd adso
tion are related to real differences in binding (perhaps o
different portions of the Gram negative cell membrane)
whether these differences are triggered by structural cha
brought about by exposure to acidic solutions during the
sorption kinetics experiments[23]. This may explain why
the desorption experiments, which begin at neutral pH,
vided similar results for both bacteria. Clearly, spectrosco
information would be necessary to confirm any propo
mechanism.

5.3. Cd, Pb, and Sr adsorption and ionic strength effects

Under identical experimental conditions, the Gram ne
tive bacteria tested in this study adsorb Cd to roughly sim
extents, but to greater extents than individual Gram p
tive bacterial species[23] or consortia of bacterial specie
that include Gram positive bacteria[11]. The extents of Pb
and Sr adsorption in our study are also similar forP. putida
and P. mendocina. However, these results are not direc
comparable to previous studies, because previous studie
amining Pb and Sr utilized acid-treated bacteria (e.g.,[8]).

As ionic strength increases from 0.01 to 0.5 M, the ext
of Cd and Pb adsorption ontoP. putidaandP. mendocinade-
creases slightly in both the adsorption edge (Figs. 7 and 8,
respectively, for Cd andFigs. 9 and 10, respectively, for Pb
and adsorption isotherm experiments (Fig. 11 for Cd and
Fig. 12for Pb). The observed decreases in Cd and Pb ads
tion with increasing ionic strength can be attributed to o
or more of the following factors: (1) enhanced competit
of the background electrolyte cation (Na+) for deprotonated
binding sites at high ionic strength, (2) changes in the ac
sibility (or ‘activity’) of the metal binding functional group

sites on the bacterial surfaces as a function of ionic strength
(e.g., [19]), or (3) changes in the activity of the aqueous
metal cations as a function of ionic strength.



lloid a

Pb
fact
ctric
uc-
rm

tivity
tion
eld
Cd

her
ng
ta a
ing
nic

0.2

gful
-
cted
nts
te-

ex-
eta

stan
tant
and

ad,
t Cd

con-
2
ined
-

ties
een
es-

n of
ngth
s on
0.01
to

lop-
din
nc-
are

s of
e

ect

on-
Sr

gth
ects
etal

out-
r Sr.
the

e

ility
(for
ose
tion
ad-

-
0.6
LM
orp-
lso
on-
e
e of

nto
rally
sur-
in

ent
gth.
d be
e ef-

rp-
lud-

ur-
es in
ned
The
ces

or Sr

cro-

ac-
124 D.M. Borrok, J.B. Fein / Journal of Co

Non-electrostatic modeling results from the Cd and
adsorption experiments support the third possibility. The
that a modeling approach that does not account for ele
field interactions (‘non-electrostatic’) can be used to s
cessfully fit data from the Cd and Pb ionic strength isothe
experiments, strongly suggests that changes in the ac
of the aqueous metal cation control the observed adsorp
behavior. In other words, a bacterial surface electric fi
model is not necessary to provide an adequate fit to the
and Pb adsorption data forP. putidaandP. mendocinaover
the ionic strength range tested in our study. This is furt
illustrated in the similarity of the non-electrostatic bindi
constant values calculated from the adsorption edge da
ionic strengths of 0.01, 0.1, and 0.5 M. Apparent Cd bind
constants change by only about 0.5 log units over this io
strength range for bothP. putidaandP. mendocina(Table 3).
Apparent binding constants for Pb change by only about
log units for site 2 ofP. putidaand site B ofP. mendocina
over this ionic strength range (Table 4). These differences in
apparent binding constants are not statistically meanin
because variability of±0.2 log units is common when com
paring binding constants constrained using data colle
from two identical experiments or data from experime
conducted under identical conditions with variable bac
ria:metal ratios. Equilibrium constants for surface compl
ation reactions should be valid over a range of bacteria:m
ratios as long as the adsorption mechanisms remain con
For this reason, we expect the apparent Cd binding cons
for Cd adsorption edge experiments conducted using 10
3 g/L bacteria at 0.1 M ionic strength to be equal. Inste
we observe a change of about 0.2 log units in apparen
binding constants for each bacterium (Table 3). Apparent Pb
binding constants for Pb adsorption edge experiments
ducted using 3 and 1 g/L P. putidaalso change by about 0.
log units, while apparent Pb binding constants constra
from the 3 and 0.5 g/L P. mendocinaadsorption edge ex
periments change by about 0.4 log units (Table 4). These
variations are caused either from experimental uncertain
or from real variations in the binding mechanisms betw
the two bacterial concentration conditions. This variation
tablishes the degree of uncertainty involved in applicatio
a surface complexation model under constant ionic stre
conditions. Hence, we conclude that ionic strength effect
apparent Cd and Pb binding constants over the range of
to 0.5 M ionic strength are small, and of similar magnitude
the experimental uncertainty associated with their deve
ment. Furthermore, because the calculated apparent bin
constants for Cd and Pb are relatively invariant as a fu
tion of ionic strength, it may suggest that Cd and Pb
primarily adsorbed to the surfaces ofP. putidaandP. men-
docina as inner sphere complexes under the condition
our study. Application of the DLM and TLM models to th

Cd and Pb datasets (data not presented) resulted in poore
fits and dramatic variability in intrinsic stability constants
over the tested ionic strength range. Hence, the DLM and
nd Interface Science 286 (2005) 110–126
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TLM electrostatic treatments greatly overpredict the eff
of ionic strength for proton, Cd, and Pb adsorption.

In contrast to the Cd and Pb adsorption data, a n
electrostatic modeling approach is not capable of fitting
ionic strength isotherm data over the entire ionic stren
range tested. This suggests that in addition to the eff
caused by changes in the activity of the aqueous m
cation, one or both of the remaining electrostatic factors
lined above control the observed adsorption behavior fo
This may also suggest that Sr is primarily adsorbed to
surfaces ofP. putidaandP. mendocinaas an outer spher
complex (a hypothesis supported by Small et al.[21] and
Yee et al.[17] for S. algaandB. subtilis, respectively). De-
spite the greater effect of salt concentration, the Sr stab
constants developed using the non-electrostatic model
each data point individually) are more consistent than th
developed using the DLM. That is, the standard devia
in apparent Sr binding constants calculated for each Sr
sorption data point is only 0.1 log unit for bothP. putida
and P. mendocina, while the standard deviations of intrin
sic Sr binding constants calculated using the DLM are
and 0.7 log units for each bacterium, respectively. The D
greatly overpredicts the effect of ionic strength on Sr ads
tion over the entire tested range (0.001 to 0.5 M), but a
over smaller ranges of the data under low ionic strength c
ditions (i.e., 0.001 to 0.01 M). Application of the TLM to th
Sr isotherm data produced similarly poor results to thos
the DLM, and are not discussed further here.

The effects of ionic strength on Cd and Pb binding o
the bacterial surfaces documented in our study are gene
similar to those observed for Cd and Pb binding onto the
face ofB. subtilis[13]. However, in the Daughney and Fe
study [13], the Gram positive bacterium,B. licheniformis,
exhibited opposite, ‘promotive,’ behavior in that the ext
of Cd adsorption increased with increasing ionic stren
The reasons for this difference remain unclear, but coul
related to the specific experimental conditions tested. Th
fects of ionic strength on Cd and Pb binding ontoP. putida
andP. putidaare also similar to those determined for adso
tion of these metals onto a host of mineral surfaces, inc
ing iron oxides[42–44], calcite[45,46], and clay minerals
[47,48]. The extents of Cd adsorption onto the mineral s
faces in these studies was only weakly affected by chang
ionic strength, while the extents of Pb adsorption remai
unaffected by changes in ionic strength in all the studies.
effects of ionic strength on Sr binding onto bacterial surfa
in this study and in previous studies by Ledin et al.[19] and
Small et al.[21] for P. putidaandS. alga, respectively, are
similar and appear to be greater than those observed f
binding onto some mineral surfaces[21]. The effect of ionic
strength on Cd and Pb binding onto natural organic ma
molecules like humic and fulvic acids[49,50]appears to be
more pronounced than that observed in our study for b

rterial surfaces or than that observed in studies of mineral
surfaces. For example, Liu and Gonzalez[50] suggest that
the dramatic changes in the extents of Cd and Pb adsorp-
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tion onto Aldrich humic acid over the ionic strength ran
of 0.02 to 0.8 M are due to electrostatic effects; howe
they do not separate activity coefficients effects from ba
rial surface electric field effects. The adsorption of Sr o
natural organic matter has not been investigated sufficie
as a function of ionic strength, and therefore cannot be c
pared to the results in our study. These observations
suggest that changes in the behavior of metal adsorption
bacterial surfaces in response to changes in ionic strengt
intermediate in magnitude when compared to those as
ated with mineral surfaces and dissolved humic substan

6. Summary and conclusions

This study is the first to examine the proton and me
(Cd, Pb, and Sr) adsorption behavior of Gram negative
terial species over a broad range of ionic strength (0.00
0.6 M). Results suggest that proton binding behavior is o
moderately influenced by changes in ionic strength and
least for some applications, can be adequately describe
ing a four-discrete-site non-electrostatic surface comple
tion model. DLM or TLM treatments not only fail to improv
model fits for proton binding datasets, but also significan
overpredict the effect of ionic strength on proton bindin
resulting in intrinsic binding constants that change by m
than an order of magnitude over the ionic strength ra
of 0.01 to 0.5 M.

The extents of Cd and Pb adsorption ontoP. putidaand
P. mendocinadecrease slightly as ionic strength increas
However, this decrease can be entirely attributed to cha
in the activity of the aqueous metal cation as a function
ionic strength and not to bacterial surface electric field in
actions. As with the proton binding data, a four-discrete-
non-electrostatic surface complexation model is adequat
describing Cd and Pb binding onto the Gram negative ba
rial species tested under the experimental conditions in
study. Moreover, the DLM and TLM electrostatic treatme
are not only unnecessary, but result in poor fits to the d
with more variability in calculated binding constants. T
extent of Sr adsorption decreases more dramatically tha
or Pb adsorption as a function of increasing ionic stren
demonstrating that bacterial surface electric field inte
tions play a significant role in the observed Sr adsorp
behavior. However, despite the clear influence of the ele
double layer on Sr adsorption, the four-discrete-site n
electrostatic SCM was more accurate in describing the
adsorption data over the entire ionic strength range tha
ther the DLM or TLM electrostatic treatments.

Inspection of our results and comparison to results fr
previous studies leads to the following conclusions: (1)
effect of ionic strength on apparent proton, Cd, and Pb b
ing constants, and apparent site densities for bacterial

faces is small, and is similar in magnitude to the 2σ ex-
perimental uncertainties; (2) both Cd and Pb form strong
chemical bounds (likely inner sphere complexes) with the
nd Interface Science 286 (2005) 110–126 125
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surfaces of the tested Gram negative bacterial species, w
Sr forms electrostatic bonds (likely outer sphere complex
(3) under the conditions of this study, reasonable approxi
tions of proton, Cd, Pb (and possibly Sr) adsorption beh
ior can be obtained by models that neglect bacterial sur
electric field effects; (4) the ionic strength effects that are
served in our study appear to be similar for different Gr
negative and Gram positive bacterial species, suggesting
electric field interactions for bacterial surfaces may be ‘u
versal’; and (5) the protonation framework and geome
environment of the functional groups on the bacterial s
face are strikingly different from those of a mineral surfa
and this is likely why traditional DLM and TLM electrostat
treatments fail to successfully describe electrostatic inte
tions with the bacterial surface.

Because the effect of ionic strength on proton and m
adsorption reactions onto bacterial surfaces is small, a
plified, non-electrostatic surface complexation model l
the one developed here may be the most functional
dictive modeling tool for accounting for bacterial surfa
adsorption in complex environments. The uncertainties a
ciated with application of purely mechanistic surface co
plexation models to multi-component, heterogeneous
tems is large because it is impossible to delineate the e
types (i.e., mineral surfaces, organic acids, bacterial
faces, etc.) and abundances of surface functional group
available for adsorption[41,51]. Mainly because of this diffi-
culty, simplified, semi-empirical surface complexation mo
eling approaches have been developed for describing
sorption reactions in realistic geologic settings[51–55]. The
results from our study suggest that it may be reasonab
neglect bacterial surface electric field effects for bacte
surfaces when applying these simplified surface compl
tion models to geologic systems. Using this approach, st
ity constants for Sr and other weakly adsorbing cations
be estimated using a non-electrostatic modeling approac
each specific ionic strength range of interest.
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