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Abstract

Bacterial surface adsorption reactions are influenced by electric field effects caused by changes in ionic strength; however, existing datase
are too sparse to definitively constrain these differences or to determine the best way to account for them using thermodynamic models. |
this study, we examine the ionic strength dependence of proton and metal adsorption onto the suRaeesi@honas mendociaad
Pseudomonas putiday conducting proton, Cd(ll), Pb(ll), and Sr(ll) adsorption experiments over the ionic strength range of 0.001 to 0.6 M.
Chosen experimental results are thermodynamically modeled using a non-electrostatic approach, a diffuse layer model (DLM), and a triple
layer model (TLM). The results demonstrate that bacterial surface electric field effects are negligible for proton, Cd, and Pb adsorption
onto P. putidaandP. mendocinaand that the discrete site non-electrostatic model developed in this study is adequate for describing these
reactions. The extent of Sr adsorption is influenced by changes in the bacterial surface electric field; however, the non-electrostatic mode
better describes Sr adsorption behavior than the DLM or TLM. The DLM and TLM greatly overpredict the effect of the electric field for all
adsorption reactions at all ionic strengths tested.
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1. Introduction number of different surface electric field models have been
adopted to account for these effects. For example, numer-
Negatively charged organic-acid functional groups pres- ous studies have adopted a constant capacitance electrostatic
ent on bacterial cell walls can adsorb significant concentra- approach, relating surface charge to surface potential using
tions of aqueous metal catiofis,2]. Because bacteria are an arbitrarily assigned capacitance va[8el4-16] Other
abundant in most near-surface geologic settifg]s they workers [7,10,17] have adopted the Donnan electrostatic
may be important in controlling the availability and cycling model, which invokes the assumption that all counter ions
of trace metal$4,5], and in the fate and transport of heavy necessary to balance the bacterial surface charge are homo-
metal contaminant§]. Because of their environmental sig-  geneously distributed within the hydrated bacterial cell wall
nificance, a range of thermodynamic models have been de-yolume[18]. This Donnan volume can either be empirically
veloped to describe bacterial surface adsorption reactionsderived, estimated, or directly measured using transmission
(e.g.,[7-11). Several studies have suggested that electric g|lectron microscopy.
double-layer interactions on the bacterial surface play anim-  However, despite the seemingly large number of pro-
portant role in proton and metal bindifig,10,12,13]anda  posed thermodynamic models and electrostatic treatments,
very few studies have examined the effect of ionic strength
~* Corresponding author. on bacterial adsorption reactions over a broad range of elec-
E-mail addressdborrok@nd.ed(D.M. Borrok). trolyte concentration*1 order of magnitude, e.g[10]).
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Moreover, a number of studies have arbitrarily assigned elec-too sparse to definitively constrain these differences or to
trostatic correction factors for data collected at a single ionic determine the best way to account for them using thermody-
strength (e.g.[8,15]). Other studies have focused on bacte- namic models.
rial cell wall components which, although useful, may not In this study, we expand our understanding of the ionic
be entirely representative of the bacterial surface electric strength dependence of proton and metal adsorption onto
field in systems with whole cellg,12]. Finally, there is lit- bacterial surfaces by conducting proton, Cd, and Pb adsorp-
tle agreement among studies as to the magnitude of ioniction experiments at ionic strengths of 0.01, 0.1, and 0.5 M,
strength effects on bacterial surface adsorption reactions orusing Pseudomonas mendocirend Pseudomonas putida
as to whether these effects are unique for each bacterialThese species were chosen for study because they are com-
species of interest. mon Gram negative aerobes found in near-surface geologic
Ledin et al.[19] measured the extent of metal (Cs, Sr, systems, and very few studies have examined the effect of
Eu, Zn, Cd, Hg) adsorption onto the Gram negative bac- ionic strength on metal adsorption onto Gram negative bac-
terium Pseudomonas putigdand found that the extent of terial surfaces. We supplement traditional pH-edge adsorp-
adsorption for all of these metals decreased with increas-tion experiments with Cd, Pb, and Sr ionic strength isotherm
ing ionic strength (0.01 to 0.1 M). However, the magnitude experiments (constant pH experiments with variable ionic
of this increase was relatively insignificant for Cs, Eu, and strength, 0.001 te~0.6 M). We use a discrete site surface
Hg. Daughney and FeifiL3] examined the ionic strength complexation modeling approach to determine best-fit sta-
dependence of proton and metal (Cd, Cu, Pb) binding onto bility constants and site densities for selected datasets. Mod-
two Gram positive bacterid( subtilisandB. licheniformi3 eling parameters are constrained using a non-electrostatic
by performing acid—base titrations and metal adsorption ex- approach to quantify and examine the magnitude of the ef-
periments at ionic strengths of 0.01 and 0.1 M. The proton fect of ionic strength on proton and metal binding reactions.
binding constants used to fit the titration data in this study The non-electrostatic modeling results are then compared to
were roughly similar for each ionic strength; however, ap- model parameters developed using diffuse layer and triple-
parent site densities for both bacteria increased slightly in layer electrostatic treatments.
response to increased salt concentration. The metal bind-
ing results from this study were difficult to interpret in that
the extent of metal binding ontB. subtilis generally de- 2. Materialsand methods
creased with increasing ionic strength, while the extent of
metal binding ontd. licheniformisgenerally increased with 2.1, Bacteria and growth conditions
increasing ionic strength. Cox et §8] also measured pro-
ton binding toB. subtilisover the more narrow ionic strength P. mendocinds a strictly aerobic, Gram negative, rod-
range of 0.025 to 0.1 M, and similarly described a resultant shaped bacterium approximately 2 um long and 0.5 to 1 um
increase in apparent site density with increasing salt concen-wide, and was isolated from near-surface soils at the Nevada
tration. Hass and DichristinN20] observed almost no affect test site[22]. P. putidais an aerobic Gram negative bac-
on the adsorption of protons and U(VI) to the surface of terium of similar dimensions that was purchased from Amer-
the Gram negative bacteriut@hewanella putrefacienever ican Type Culture Collection (#33015).
the ionic strength range of 0.02 to 0.1 M. Small et[al] Bacteria were initially cultured in 3 ml of trypticase soy
demonstrated that the concentration of Sr adsorbed to thebroth with 0.5% yeast extract for 24 h at 32, then trans-
surface ofShewanella algalecreased as ionic strength in- ferred to 1 L of broth of the same composition and grown
creased from a very low value (dilute) to 0.1 M. Martinez et for another 24 h at 32C. Bacteria were harvested from the
al. [10] performed acid—base titrations Bf subtilisand the growth media by centrifugation, transferred to test tubes,
Gram negative bacteriuscherichia coliat ionic strengths  and washed five times in a NaGj@lectrolyte solution. The
of 0.01, 0.05, 0.1, and 0.5 M. They describe a decrease inionic strength of the wash solution was chosen to match that
apparent total site density with increasing ionic strength for of the experiment in which the bacteria were to be used.
B. subtilis Conversely, the apparent total site density for NaClOy was chosen as the experimental electrolyte because
E. coliincreased when ionic strength was raised from 0.01 the perchlorate anion does not form complexes to an ap-
to 0.05 M, but remained constant at higher ionic strengths. preciable extent with protons, &d, Pt?*, or SE*+, under
Yee et al[17] observed large decreases in the extents of ad- the experimental conditions. During each wash, the bacteria
sorption of Sr, Ba, and Ca to the surfaceRf subtilisas were suspended in fresh electrolyte solution using a vortex
ionic strength increased from 0.001 to 0.1 M. These studies machine and stir rod. Bacteria were centrifuged for 5 min
suggest that the relationship between ionic strength and bac-at 8000 rpm £715Q) to form a pellet at the base of the
terial surface adsorption reactions is highly dependent upontest tube and the electrolyte was discarded. After the final
the component adsorbed (i.e., different behaviors exist for wash, the bacteria were placed in weighed test tubes and
protons and various metals), but that the magnitude of elec-centrifuged (7000 rpm~550Q;) at 25°C) for 1 h, stop-
trostatic effects may not be dependent upon which bacterialping three times to decant all supernatant. After 1 h, the
species is involved. However, existing datasets are simply mass of the moist bacterial pellet was determined. The mass
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recorded during this step is the wet mass we report through- The pH of the metal stock solution was adjusted to cir-
out this study. This wet mass is approximately 5 times more cumneutral values prior to the addition of bacteria to avoid
than the dry mass of the bacteftdl]. The bacterial pellet  acid shock to the cells. The weighed bacterial pellets were
was immediately used in potentiometric titrations or in Cd suspended in the metal-bearing electrolyte (Nagl€ock
adsorption experiments. Although the bacterial cells remain solution and gently stirred until homogeneously distributed.
visually intact after this treatment (when observed using an Approximately 10 ml aliquots of the homogeneous bacteria—
environmental scanning electron microscope (ESEN)), metal—electrolyte suspensions were transferred into individ-
they are not expected to be metabolizing during experimentsual batch reaction vessels. The pH of each batch experi-
because of the lack of electron donors and nutrients and be-ment was adjusted to the desired value using small volumes

cause of the short(3 h) experimentation times. of 0.01 or 0.1 M NaOH or HN@ Each batch experi-
ment was then allowed to equilibrate on a rotating rack
2.2. Potentiometric titration experiments for 2 h (P. mendocinpor 4 h (P. putidg, and the equilib-

rium pH was measured (equilibration times were determined
through kinetics experiments described below). Each sam-
ple was then centrifuged, filtered through a 0.45 pum nylon
Osyringe filter membrane, acidified to prevent precipitation,
and analyzed for the dissolved metal using an inductively
coupled plasma—atomic emission spectroscopy (ICP-AES)

of 0.01, 0.1, or 0.5 M NaCl@that had been purged of GO techni Calibrati tandard d ina th
by N2 bubbling for 60 min. The suspension was immediately echnique. Laiibration standards were made using the same
electrolyte used in the experiments. Analytical uncertainty

placed into a sealed titration vessel maintained under a pos—f r most samples was determined to be | than fox
itive pressure of M. Titrations were conducted using an au- .21 ¢ ‘IJS j:;?/ pse?n las freri th eO 50M el efrsl ta ilpprio i
tomated burette assembly. Each suspension was first titrated "2 0. Samples 1o ev. electrolyte expe

to the desired starting pH e$2.5, using minute aliquots of gzgés’a\r'éer(:‘.odr'gzij gzsssé.‘:d tlt?(taelgl?’”i?gkt(eairﬂ '.“” 2 de-
1.040 N HNQ. Base titrations were then performed using pri yses using L au

aliquots of 1.028 N NaOH. Titrations were performed to a scribed abovg. Analytical uncertainty for these samples was
. . greater, ranging frort:2 to 5%. The accuracy of several of

maximum pH of 9.7 to avoid cellular damage to the bacte- :

. . o ; ... the 0.5 M Cd samples was further tested using an element

ria. During each titration, the suspension reached a stability

of 0.001 pH unitgs prior to the addition of the next aliquot two-sector field ICP—mass spectrometer (MS). Uncertainties

; . for the ICP-MS samples were abatbl%, and proved to be
of acid or base. The total volume of acid and base added dur'similar (within error) of the ICP-AES results. The decrease

ing each of the titrations ranged from about 3.0 to 3.5% of . | . hat d duri h

the starting volume of the solution. in aqueous metal concentration that occurred during eac
experiment was attributed to metal adsorption onto the bac-

] o i terial cell wall. Control experiments in our laboratory (data

2.3. Cd and Pb adsorption and kinetics experiments not shown) have demonstrated that metal adsorption onto the
experimental apparatus is negligible.

Cd adsorption experiments were conducted at 0.1 Mionic  Adsorption and desorption kinetics experiments were
strength in batch reaction vessels using 10 and3Rymen-  conducted using 10/ P. mendocinandP. putida These
docinaandP. putida Pb adsorption experiments were con- experiments were conducted to define an adequate equili-
ducted in the same fashion using 3 and 0’6 B. mendocina  bration time for the metal adsorption experiments and to
and 3 and 1 gL P. putida Additional experiments at ionic  verify the reversibility of the adsorption reactions. Washed
strengths of 0.01 and 0.5 M were conducted for the 10 g  bacteria were suspended in stock solutions of 10 ppm Cd
Cd and the 0.5 and 1/4 Pb experiments for each bacteria and 0.1 M NaCIQ and gently agitated using a stir bar. Dur-
type. Because Cd and Pb have very different binding affini- ing the adsorption kinetics experiments, the starting pH of
ties for the bacterial surface, it was necessary to adjust theeach stock solution (2.8) was rapidly raised to (and held at)
bacteria:metal ratio for these experiments accordingly to en-~4.0 using small aliquots of 1.0 or 0.1 M NaOH. 10 ml
sure adsorption edges would occur over the tested pH rangealiquots of the bacteria—metal—electrolyte suspension were
All experiments were conducted using 10 ppm (48 M removed as a function of time, centrifuged, filtered, acidi-
Cd and 10432 M Pb) of the chosen metal (diluted from fied, and later analyzed for dissolved Cd using the ICP-AES
a 1000 ppm atomic absorption standard). The upper pH of technique described above. The metal-electrolyte—bacteria
the Pb adsorption experiments was purposefully limited to stock solutions for the desorption experiments were gen-
values of about pH 6.5, because aqueous Pb-hydroxide andly agitated with a stir bar and allowed to equilibrate for
Pb-carbonate species become increasingly important abovet h at pH~ 7.5 (it was determined that about 90% of to-
this pH. We cannot accurately constrain binding constants tal Cd was adsorbed at this pH). The pH of the desorption
for these additional Pb species without additional experi- stock solutions were then lowered te4.0 using aliquots
ments conducted over a broad range of pH and carbonateof 1.0 or 0.1 M HNQ@. 10 ml aliquots of the bacteria—metal—
concentrations. electrolyte suspension were removed as a function of time.

Titration experiments were performed (in triplicate) on
suspensions of. mendocinaand P. putida Bacteria were
harvested from the growth media and washed as describe
above. They were then suspended in approximately 10 ml
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The vessels were promptly centrifuged, filtered, acidified, where [R-A"] and [R—A HO] represent the concentration of

and analyzed for Cd as described previously. deprotonated and protonated sites, respectively, for site A
andap+ represents the activity of protons in the bulk solu-

2.4. lonic strength isotherm experiments with Sr, Cd, tion. The number of discrete surface binding site types, the

and Pb concentration of each site, and the proton binding stability

constant for each site are determined through the modeling

lonic strength isotherm experiments for Sr, Cd, and Pb of the potentiometric titration data.
were conducted using 10 ppm of each metal and 6, 3, and We represent metal adsorption onto the bacterial surface
1 g/L of P. putida and 6, 3, and 0.5 of P. mendocina as an interaction between an aqueous metal caticht YM
Bacteria were initially suspended in a pH-neutral stock so- and a deprotonated surface site to form a bacterial surface
lution of 0.001 M NaClQ with the chosen metal, and the complex according to the reaction
suspension was continuously mixed using a magnetic stir bar _
and plate. During the initial portion of the experiment, the M+ R-A7 & R-AM)™, (3)
pH of each stock solution was held constant at a~pB.0 with a stability constantk’, for this reaction given by
through the addition of small aliquots of 0.01 or 0.1 M [R—A; (M)*]
NaOH or HNG. The pH was held at this value because K = ————"—| (4)
earlier adsorption experiments indicated that a significant apz+[R-A;]

portion of the total metals would be adsorbed under theseyhere [R-A(M)*] is the concentration of the bacterial sur-

conditions. After 2 h of equilibrationtime atpH 6.0, 10ml - face complex of interest, angy.+ is the aqueous activity of
aliguots of the homogeneous bacteria—metal—electrolyte susthe metal cation.

pensions were transferred into individual batch reaction ves-  our model is a simplification of what is likely an ex-
sels. The ionic strength of each reaction vessel was adjusteqreme|y complex chemical system, and should not be treated
to the desired value through the addition of small concentra- 35 an exact representation of the chemical speciation and
tions of reagent grade, crystalline NaGIQ@sing this tech-  mechanisms involved. We assume a 1:1 (metal:ligand) com-
nique, the error associated with calculating ionic strength for plexation stoichiometry for all adsorption reactions in our
each reaction vessel is estimated to be abbbith. Each  study. However, if actual complexation stoichiometries vary
batch experiment was then allowed to equilibrate on a ro- from the assumed reactions, predictions of metal complex-
tating rack for 2 h R. mendocinpor 4 h . putidg, and  ation under conditions where bacterial surface sites become
the equilibrium pH was measured. The vessels were thensatyrated (e.g., higher metal:bacteria ratios than tested in our
centrifuged, filtered, acidified, and analyzed for the experi- study) could be erroneous. Moreover, if additional complex-
mental metal using the ICP—AES technique described previ- gtion mechanisms not tested in our study become significant
ously. However, in this case numerous calibration standardsnder extremely low or extremely high metal:bacteria ratios,
and dilutions were necessary in order to closely match the gquilibrium constants for these reactions must be included

electrolyte concentration of the standards to that of eachtg predict complexation with bacterial surfaces under these
batch experiment. Analytical uncertainty for these samples ¢onditions.

was about-3%.
3.2. Model calculations

3. Modeling approach We utilize the program FITEQL 2.0 to solve for func-
) ) ] tional group site concentrations and proton and metal bind-
3.1. Discrete site surface complexation model ing stability constant§25]. The relative goodness of fit of

each tested model is quantified using the residual function,
We use a discrete site surface complexation approach toy (y) from the FITEQL 2.0 output for each model. Lower
model titration and metal adsorption data. This approach y (yy values signify better fits, antd (¥) values between 0
has been described previousl§,11,23,24] and a brief  anq 20 can generally be considered good 8.
overview is presented below. We represent the deprotonation  actjvity coefficient corrections are made within FITEQL
of organic-acid functional groups on the bacterial surface ysing the Davies equation. Application of the Davies equa-
with a number of discrete monoprotic acids according to the tjon to systems with ionic strengths greater than about 0.1 M
reaction can introduce errors in calculated activity coefficients. How-
R-AH® & R-A" + HY, (1) ever, activity coefficients for ions in our study calculated
using the Davies equation are within 0.03 to 0.04 units of the
activity coefficients for these ions calculated using the ex-
tended Debye—Hiickel equation, which has been calibrated
for high ionic strength$26]. Because activities are not as-
[R-A lap+ signed for bacterial surface species and the activity of pro-
2= TRCAHOT 2 tons in solution (pH) is a measured quantity that is input

where R is the bacterium to which the functional group
type A is attached. The proton binding constaft, for
reaction(1) can be expressed as
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into FITEQL as serial data, very small errors are associateddirectly applicable for describing electric field interactions
with the application of the Davies equation for models in our with bacterial surfaces.

study. These errors are well within acceptable limits because In our study, we use a non-electrostatic modeling ap-
they allow us to achieve a consistent comparison amongproach to quantifying the effect of ionic strength on mod-
different models at different ionic strengths that would not eling parameters. This is an appropriate first step, because
otherwise be possible. Aqueous metal hydroxide species inonly after we have defined the type and magnitude of elec-
each experimental system are accounted for in our modelstrostatic effects on bacterial surface adsorption reactions can

using equilibrium constants from Baes and Mes[a&i. we determine what kind of electrostatic corrections must be
made to account for them. Hence, the parameters we develop
3.3. Bacterial surface electric field models using the non-electrostatic approach are ‘apparent’ parame-

ters because they can change in response to changes in the
electric field surrounding the bacterial surface. Alternately,
intrinsic modeling parameters are referenced to the condi-
tion of zero surface charge and are unaffected by changes
in ionic strength. The relationship between an apparent sta-

’ bility constant and an intrinsic stability constant can be ex-
pressed according to the following reaction,

The problem of how to best account for electric field ef-
fects on bacterial surface adsorption reactions is not straight-
forward. The characteristics of the bacterial surface are in
many ways more like those of organic macromolecules (e.g.
humic and fulvic acids) than those of mineral surfaces. For
example, the functional groups present on mineral surfaces
can be assumed to occupy the outer surface of a rigid plane K apparene= KintrinsiceX(—AZF¥/RT), (5)
e et iouth et Sanere a1 are Faradays constant and te iea g
Organic rT;acromoIecuIes are similar to bacterial surfaces in constan'g, respectivelf; is absolute temperqtur.&z IS the .
that functional groups associated with the molecules occupyChange. in the charge .Of the surfgce species in the reaction,

. X S : ) and ¥ is the electric field potentidB4]. The value fory
a three-dimensional polyelectrolytic mixture of aliphatic and

tic hvd b but i tin that their st is calculated using one of the various surface electric field
aromatic hydrocarbons, but are diterent in that their SWUC- ;o5 that relate surface charge to electric potential. Appli-
ture is much less rigid than that of a bacterial cell wall or a

: | surf F ional h ; fcation of a surface electric field model requires knowledge
mineral surface. Functional groups present on the Surfaces of¢ ¢ specific surface area of the solid. The uncertainties

specific oxide minerals are often assumed to be of the SaM&yolved in cell density and cell geometry calculations are

charact_er and to_ possess identical binding aﬁinitigs (i.e., alarge. Hence, we assign the value previously calculated by
single site modeling approach can be used to describe them)Fein et al[8] for B. subtilis(140 n?/wet gram) for the sur-
Conversely, bacterial surfaces contain a number of Chemi'faces ofP. mendocinandP. putida

cally distinct functional groups that can only be mechanis-

tically described using multi-site models. Chemif28,29] £ TEQL to solve for proton binding stability constants and
and spectroscopi80-33] evidence suggests that carboxyl, fnctional group site concentrations for comparison to the

phosphoryl, hydroxyl, and amine moieties can be important o _glectrostatic modeling results. This approach uses the
proton-active functional groups on most bacterial surfaces. Gouy—Chapman-Stern—Grahame relationship to relate sur-

Similarly, chemically distinct carboxyl and phenolic func- 5ce potential ) to surface chargeo() according to the
tional groups are present in humic and fulvic acids. Finally, fo|iowing equation,

mineral surfaces typically have a definable zero point of
charge (ZPC) because the functional groups present on theiry, _ (2RT/zF) sinh1< o ) (6)
surfaces become doubly protonated and positively charged ~/8RTegoc

at low pH. This ZPC concept is not directly applicable to wherez andc are the valence and concentration of the coun-
bacterial surfaces. The monoprotic, organic-acid functional terion, respectively is the dielectric constant of water, and
groups present on the bacterial surface do not become douz, is the vacuum permittivity34]. The diffuse layer treat-

bly protonated and positively charged at low pH. Although ment is advantageous in that there are no empirically de-
electrophoretic mobility studies suggest that some bacter-rived parameters associated with its application; however,
ial species can carry a net positive charge at very low pH this same fact renders the approach rather inflexible.
(largely below 3.0; e.g[17]), this does not mean that the We also use the triple-layer model (TLM) approach in
critical organic-acid functional groups become doubly pro- some examples for comparison to the non-electrostatic and
tonated or that one can use this information to define a true DLM approaches. The triple-layer approach is the most
ZPC for bacterial species. Organic macromolecules are sim-common surface electric field model for mineral surfaces.
ilar to bacterial surfaces in that they are absent of a true ZPC, It is based on the idea that charge is developed at the sur-
carrying a net negative charge over the pH range for which face of the mineral@-plane) and electrolyte counterions in
they are dissolved (largely over 2.0). Hence, the approachessolution form complexes with the mineral surface functional
used to describe electric field interactions for mineral sur- group sites beginning some distance away from the surface
faces (e.g., double-layer and triple-layer models) may not be (8-plane). The diffuse layer is present some distance away

We also use the diffuse layer model (DLM) within
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3.0E-04

from the counterion complexes, beginning at thelane.
Each plane of charge has its own electric potential and the
system can be modeled as a set of parallel plate capacitors.
Hence, adjustable parameters for the TLM inclutie(the
capacitance between the first two planes) @hd(the ca-
pacitance between the next two plangg]. Although they

can be measured or predicted in theory, the stability constant
values for electrolyte complexation with surface functional
groups Kcation @nd Kanion) are also treated as adjustable
parameters in practici36,37] Because of the differences
between bacterial surfaces and mineral surfaces, we must
modify the TLM somewhat for our application. For exam-
ple, because we use a discrete number of monoprotic acids -2.0E-04 * : :
to represent bacterial surface functional group sites, the sites 2 4 6 8 10
never become positively charged. Hence, we cannot define a PH

stability constant for the electrolyte anion in solution bind- Fig. 1. Potentiometric titration data fét putidareported as F consumed

ing to a positively charged functional group sit€s6ion). We per gram of bacteria with average best-fit curves for the non-electrostatic
define the stability constank cation (the electrolyte cation, model (solid curve and squares), DLM (solid curve and triangles), and TLM

Nat+ binding to a negatively charged functional group site) (solid curve and circles). Data for only one of the three titrations performed
accc;rding to the following reaction: ' at each ionic strength are shown for clarity. Values are positive for net acid

consumed; negative for net base consumadl0(01 M ionic strength data,
Nat + R—A,~_ o R-A; (Na)o. (7) () 0.1 Mionic strength data, an®] 0.5 M ionic strength data.

2.0E-04

1.0E-04

0.0E+00

Protons Consumed
(Moles/Wet gram bacteria)

-1.0E-04

3.0E-04

Also, the TLM is most often used with a single-site mod-
eling approach; however, we adapt it for use in a multi-site
system. 2.0E-04

. . 1.0E-04
4. Experimental and modeling results

4.1. Potentiometric titration experiments 0.0E+00

Protons Consumed
(Moles/Wet gram bacteria)

P. putidaand P. mendocinaxhibit significant buffering -1.0E-04
capacity over the entire pH range studied (about 2.5 to 9.7),
and the titration curves are similar in shape and position
to each other as well as to those determined previously for
a number of individual bacterial species (e[§.14] and
consortia of bacterial speci¢s1,38] The shapes and posi-
tions of the titration curves for each bacterial species changerig. 2. Potentiometric titration data fd?. mendocinareported as H
slightly as a function of ionic strength from 0.01 to 0.5 M. consumed per gram of bacteria with average best-fit curves for the
The titration data (reported astHconsumed per wet gram non-electrostatic model (solid curve and squares), DLM (solid curve and

of bacteria) forP. putidaandP. mendocinare presented in t_r|an_g|es), and TLM (solid cu_rve.and circles). Data for only one of the three
. . titrations performed at each ionic strength are shown for clarity. Values are
Figs. 1 and 2respectively.

‘ AN ) positive for net acid consumed; negative for net base consumg0.Q1 M
We first model the titration data using the non-electro- ionic strength data,[) 0.1 M ionic strength data, andj 0.5 M ionic

static approach to determine apparent proton binding con-strength data.

stants K5 values from Eq(2)) and apparent site densities

for each bacterium at each ionic strength. We determine thediscrete sites. The averaged apparent proton binding con-
minimum number of discrete functional group sites that are stants, apparent site densities, and’) values for the best-
required to account for the buffering capacity of each bac- fit P. putidaandP. mendocinanodels at each ionic strength
terial suspension by sequentially testing models with one are compiled inTables 1 and 2respectively. The average
through five proton-active sites. Models with four proton non-electrostatic model fits for all the ionic strength data for
binding sites yield significantly better fits to each of the titra- each bacterium are presented with the original dakaga. 1
tion datasets at each of the ionic strengths than models withand 2 respectively. We define the four discrete functional
fewer sites. In each case, five site models do not converge group sites with the lowest to higheskp (— log K3) values
indicating that they are underconstrained and that the datafor P. putidaas sites 1 through 4, respectively, and those for
do not support a non-electrostatic model with five or more P. mendocinas sites A through D, respectively.

-2.0E-04 L L L

pH
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Table 1
Average non-electrostatic, DLM, and TLM proton binding stability constants and functional group site concentrations for tRppcgitatitrations per-
formed at three different ionic strengths

lonic V() Proton binding stability Functional group site concentrations
strength constants (Ka) (mol/wet gram)
1 2 3 4 1 2 3 4 Tot&
Four-discrete-site non-electrostatic model
0.01M
Average 094 284 468 633 916 871E-5 9.09E-5 4.83E-5 4.40E-5 27E-4
Std. dev. 33 037 013 014 011 428E-5 9.15E-6 6.88E—6 3.93E-6 45E-5
0.1M
Average 059 304 457 634 918 930E-5 117E-4 5.28E-5 6.21E-5 33E-4
Std. dev. 7 006 002 002 002 509E-6 3.53E-6 132E-6 195E-6 6.6E—6
05M
Average 134 367 496 652 920 113E-4 8.85E-5 421E-5 132E-4 38E-4
Std. dev. (0374 018 023 019 008 163E-5 190E-5 857E-6 101E-5 28E-5
Two-site diffuse layer electrostatic model
0.01M
Average 829 224 494 NA NA 1.83E-4 471E-5 NA NA 2.3E-4
Std. dev. 072 013 039 NA NA 1.72E-5 5.56E—-6 NA NA 1.8E-5
0.1M
Average 574 276 574 NA NA 2.39E-4 5.97E-5 NA NA 3.0E-4
Std. dev. 85 005 012 NA NA 3.96E-6 7.19E-7 NA NA 4.0E-6
05M
Average 677 365 755 NA NA 2.33E-4 149E-4 NA NA 3.8E-4
Std. dev. 147 003 023 NA NA 7.68E-6 3.39E-5 NA NA 3.5E-5
Three-site triple-layer electrostatic model
0.01M
Average 578 194 314 576 NA 8.28E-5 9.95E-5 4.27E-5 NA 2.3E-4
Std. dev. 484 039 035 056 NA 6.64E—6 156E-5 8.58E-6 NA 1.8E-5
0.1M
Average 208 302 416 7.07 NA 136E-4 9.35E-5 6.29E-5 NA 2.9E-4
Std. dev. 062 024 046 036 NA 2.26E-5 198E-5 4.41E-6 NA 3.0E-5
05M
Average 136 405 516 844 NA 156E-4 8.26E-5 211E-4 NA 45E-4
Std. dev. 01 005 006 010 NA 8.02E-6 4.03E-6 4.54E-5 NA 4.6E-5

FITEQL was used to calculatekfy values based on E) in the text,Ka = [R-A; ay+ /[R-A; HO]. NA, not applicable for model.
@ Total functional group site concentrations.

Modeling results indicate that thekp values for each  group sites required to account for the buffering capacity
bacterium are very similafTables 1 and R Fig. 3 presents of each bacterial suspension by sequentially testing mod-
the pK, values for each bacterial species as a function of els with one through five proton-active sites. Models with
ionic strength. Although the §, values for site 1 (low- two proton binding sites yield significantly better fits to each
estP. putidapK,) increase slightly with increasing ionic  of the titration datasets at each of the ionic strengths than
strength, the otherf; values for both bacterial species ex- models with only one site. However, models with three or
hibit little or no dependence upon salt concentratigig (3). more sites do not converge, indicating that they are under-
The apparent total site densities (the sum of the concen-constrained and that the data do not support a DLM with
trations of binding sites for each of the four discrete sites) more than two sites. The averaged apparent proton bind-
for P. putidaand P. mendocinare within Zr uncertainties ing constants, site densities, avidY) values for the best-fit
of each other, as compared at each ionic strenigidp. @). P. putidaandP. mendocindLMs are compiled inTables 1
However, the apparent total site densities for both bacteriaand 2 respectively, and the average DLM fits (for the av-
increase with increasing ionic strength. The apparent site erage of all the ionic strength data for each bacterium) are
density forP. putidaincreases by about 40% over the ionic presented irrigs. 1 and 2respectively.
strength range of 0.01 to 0.5 M, while the apparent site den-  Using the DLM approach to model the titration data
sity for P. mendocinancreases by about 20% over the same yields pK, values for both bacteria that are strongly de-
range Fig. 4). pendent upon ionic strength. For example, th&, wvalues

The titration data were remodeled using the DLM ap- for P. mendocinancrease by more than a log unit from 2.1
proach for comparison to the non-electrostatic approach. Weto 3.3 (first site) and 4.8 to 6.8 (second site) as ionic strength
again determine the minimum number of discrete functional increases from 0.01 to 0.5 MIdbles 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 tRploatelocinditrations
performed at three different ionic strengths

lonic V() Proton binding stability Functional group site concentrations
strength constants (K a) (mol/wet gram)
A B C D A B C D TotaP
Four-discrete-site non-electrostatic model
0.01M
Average 102 286 466 633 904 907E-5 111E-4 6.03E-5 513E-5 31E-4
Std. dev. ®9 019 007 007 004 147E-5 2.38E-6 180E-6 124E-6 15E-5
0.1M
Average 033 342 474 651 925 958E-5 124E-4 5.08E-5 8.06E-5 35E-4
Std. dev. 9 011 011 012 011 154E-5 9.61E-6 3.04E-6 130E-5 23E-5
05M
Average 038 327 461 633 891 110E-4 128E-4 477E-5 7.93E-5 37E-4
Std. dev. 011 012 002 006 016 483E-6 129E-5 4.65E-6 101E-5 17E-5
Two-site diffuse layer electrostatic model
0.01M
Average 548 210 479 NA NA 221E-4 5.99E-5 NA NA 2.8E-4
Std. dev. 139 008 015 NA NA 2.50E-6 227E-6 NA NA 3.4E-6
0.1M
Average 374 280 612 NA NA 2.73E-4 7.18E-5 NA NA 3.5E-4
Std. dev. L7 011 015 NA NA 2.50E-6 227E-6 NA NA 3.4E-6
05M
Average 437 331 6.75 NA NA 2.69E-4 8.25E-5 NA NA 3.5E-4
Std. dev. 105 005 028 NA NA 8.92E-6 5.46E-6 NA NA 1.0E-5
Three-site triple-layer electrostatic model
0.01M
Average 203 144 253 520 NA 9.40E-5 129E-4 551E-5 NA 2.8E-4
Std. dev. 5 010 007 007 NA 261E-6 2.04E-6 161E-6 NA 3.7E-6
0.1M
Average 163 296 403 695 NA 160E-4 9.95E-5 7.97E-5 NA 3.4E-4
Std. dev. ®7 032 044 040 NA 436E-5 257E-5 181E-5 NA 5.4E-5
05M
Average 141 322 409 711 NA 151E-4 122E-4 8.69E-5 NA 3.6E-4
Std. dev. ®6 037 051 030 NA 244E-5 341E-5 108E-5 NA 4.3E-5

FITEQL was used to calculatekfa values based on E) in the text,Ka = [R-A; lay+ /[R-A; HO]. NA, not applicable for model.
& Total functional group site concentrations.

10
H P. putida 0.01 m
OP. putida 0.1 m 27 N
9r 7 P. putida 0.5 m % 4.50E-04
E1P. mendocina 0.01 m %
. | 4.00E-04 |
8 | MP.mendocina0.1m %
[ P. mendocina 0.5 m % 3 50E-04 |k
7 % g g 3.00E-04
’ - - 52
56T % % © 2 250604
| E s
5 % ; gé 2.00E-04
----- | L =
| | 1.50E-04
st | -
Z/ % f 1.00E-04
| . L L00E-0
0 | Boosee

0.01 0.1 0.5

1,A 2,B 3,C lonic strength (M)

Discrete binding sites

>
o

Fig. 4. Apparent total functional group site densitiesRogputida(gray bars)
Fig. 3. Apparent proton binding stability constantXg) for P. putidaand and P. mendocingclear bars) at ionic strengths of 0.01, 0.1, and 0.5 M.
P. mendocinat ionic strengths of 0.01, 0.1, and 0.5 M. Error bars represent Error bars represent calculated (incertainties based on modeling of three
calculated & uncertainties based on modeling of three replicate titrations. replicate titrations.
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parent total site densities (the sum of the concentrations
of the two binding sites developed using the DLM) for
P. putidaand P. mendocinaare somewhat similar, but not
within 20 uncertainties of each other, as compared at each
ionic strength. The apparent total site densities for both bac-
teria also increase with increasing ionic strength using the
DLM approach Tables 1 and 2 The apparent site density
for P. putidaincreases by about 60% over the ionic strength
range of 0.01 to 0.5 M, while the apparent site density for
P. mendocinancreases by about 25% over the same ionic
strength rangeTables 1 and 2

The titration data were again remodeled, this time using
the TLM approach for comparison to the non-electrostatic
and DLM approaches. Because of the large number of ad-
justable parameters in the TLM, we began our analysis by
settingCy = 1.2 F/m2 andC; =0.2 F/m2. These values Fig. 5. Results from adsorption and desorption kinetics experiments con-
were chosen because they are those commonly assumed jfucted usingP. p_utida Closed circles®) repr_esent desorption results for
tripIe-Iayer models of mineral surfac{&?]. We systemati- pH 4.0. Open circles®) rgpresent adsprpuon results for pH 4.3. Open

. . . . squares({) represent duplicate adsorption results for pH 4.1.

cally varied the number of discrete functional group sites and
the cation stability constant&¢ation) for each site, while al- 75
lowing the pK5 and site density values to vary to best fit
each dataset. We use this approach to constrain the number
of discrete sites and the bestfitaton values for the 0.1 M 65 (O
data for each bacterium first, and then apply these values to
determine if they can independently account for the remain-
ing data collected at lower and higher ionic strengths for
each bacterium separately. It was determined that a three-site
model with l0gK cation Values 0f—3.8, —5.8, and—10.0, for
the sites with the lowest to higheskp values, respectively,
provided the best fit for both the putidaandP. mendocina
0.1 M datasets. Th€1, C2, and K¢aiion Values were then 35 @
used as fixed parameters for the remainder of the model-
ing. The averaged apparent proton binding constants, site
densities, andv (Y) values for the best-fiP. putida and 25 ' ' ' ' '
P. mendocinamodels at each of the ionic strengths tested
are compiled inTables 1 and 2respectively, and the aver-
age TLM model fits (for the average of all the ionic strength Fig 6. Results from adsorption and desorption kinetics experiments con-
data for each bacterium) are presentedtigs. 1 and 2re- ducted usindg®. mendocinaClosed circles®) represent desorption results
spectively. for pH 3.9. Open circles®) represent adsorption results for pH 3.9.

Like the DLM results and unlike the non-electrostatic
model results, the TLM proton binding constant values for docinaincreases by about 30% over the same ionic strength
both bacteria are strongly dependent upon ionic strength. Forrange.
example, the g5 values forP. mendocinancrease by more
than a log unit from 1.4 to 3.2 (first site), 2.5 to 4.1 (second 4.2. Cd adsorption/desorption kinetics
site), and 5.2 to 7.1 (third site), as ionic strength increases
from 0.01 to 0.5 M. The K, results forP. putidaexhibit Adsorption/desorption kinetics data fét putida and
similar variability. The apparent total site densities (the sum P, mendocinaare presented ifrigs. 5 and 6respectively.
of the concentrations of binding sites for the three discrete The Cd desorption kinetics data fBr putidaindicate that a
sites) forP. putidaand P. mendocinaare again somewhat steady-state extent of adsorption (at H.0) occurs within
similar, but are not within @ uncertainties of each other, as about 30 min; however, the data from the Cd adsorption ki-
compared at each ionic strength. The apparent total site dennetics experiment using. putidashow that full adsorption
sities for both bacteria increase significantly with increasing takes about 4 h after an initial rapiec80 min) adsorption
ionic strength. The apparent total site density#qoutidain- step. This trend of initial rapid Cd adsorption followed by
creases by about 100% over the ionic strength range of 0.01slower Cd adsorption was confirmed in duplicate experi-
to 0.5 M, while the apparent total site density farmen- ments (also shown iffrig. 5. Conversely, adsorption and

75

65 o e e

Cd adsorbed (%)

55

45 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time (hours)

55

45 | OM cO] O ) o

Cd adsorbed (%)

Time (hours)



D.M. Borrok, J.B. Fein / Journal of Colloid and Interface Science 286 (2005) 110-126 119

100 100
% | 90
80 | 80
70 | 70
< 3
e 60 £ 60
b} R
3 3
5 50 | S 50
Eel 172}
S 40 s
8 8 40
30 20
20 | 0
10 - 10
0 1 1 1 1 1 OX , X . , ,
8.5 45 5.5 6.5 75 8.5 9.5 35 45 55 6.5 75 8.5 9.5

pH oH
Fig. 7. Cd adsorption data for 10'lg (O, 0.01 M ionic strength@®, 0.1 M
ionic strength;[J, 0.5 M ionic strength) and 3/ () P. putidaexperi-
ments. All Cd adsorption experiments were conducted using 10 ppm C
The best non-electrostatic model fits for the individual JQ datasets at
each ionic strength are presented as solid curves, and the best model fit fo
the 3 gL data is a dashed curve.

Fig. 8. Cd adsorption data for 10'lg (O, 0.01 M ionic strength@®, 0.1 M
d. ionic strength{, 0.5 M ionic strength) and 3/d () P. mendocina&xper-
iments. All Cd adsorption experiments were conducted using 10 ppm Cd.
r'I'he best non-electrostatic model fits for the individual @ datasets at
each ionic strength are presented as solid curves, and the best model fit for
the 3 gL data is a dashed curve.

desorption of Cd occurred rapidly in the kinetics experi- _ _ _
ments using®. mendocinaA steady-state extent of adsorp- Periment using. mendocinalt was necessary to extrapolate
tion (at pH~ 3.9) was reached in less than one hour in each the pH where 50% Cd uptake occurred in figutidaex-

experiment. periment Fig. 7). Hence, this value is associated with some
uncertainty.
4.3. Cd and Pb adsorption experiments P. putidaandP. mendocinaxhibit Pb adsorption behav-

ior that is similar to that observed for Cd in that adsorp-

The concentrations of Cd adsorbed to the surfaces oftion increases with increasing pH and with increasing bac-
P. putidaand P. mendocinaincrease as a function of in- teria:metal ratioKigs. 9 and 10respectively)P. putidaPb
creasing pH, forming characteristic adsorption ed§égs( 7 adsorption results are similar to those for Cd in that the great-
and § respectively). As expected, the adsorption edges for est extent of Pb adsorption occurs in the 0.01 M experiment.
the experiments that used the largest bacteria:metal ratiogHowever, unlike the Cd data, the extents of Pb adsorption for
occur at lower pH than those that used lower bacteria:metal P. mendocinare virtually indistinguishable for the 0.01, 0.1,
ratios. The positions of the adsorption edges for the experi-and 0.5 M ionic strength experiments. Pb adsorption edges
ments conducted at 0.01, 0.1, and 0.5 M ionic strengths arefor P. putidaandP. mendocingboth at 3 gL bacteria) oc-
roughly similar for each individual bacterial species. How- curred at similar pH, reaching and maintaining maximum
ever, the final extent of Cd adsorption was consistently great- adsorption of about 90% total Pb adsorbed at approximately
est in the 0.01 M experiments and was consistently least inpH 5.0.
the 0.5 M experiments. Data points below pH3.5 are not We model Cd adsorption data fér putidaandP. men-
shown or used in modeling calculations because metal ad-docina using a non-electrostatic approach to examine
sorption results can be strongly influenced by damage tochanges in apparent Cd binding constants in response to
bacteria under acidic pH conditions (e.f24]), and ionic (1) changes in ionic strength at the same bacteria:metal
strength can vary considerably from the initial experimental ratio, and (2) changes in bacteria:metal ratio at the same
values as the concentration of protons in solutions increasesionic strength. To examine the effect of ionic strength, we
Avoiding low pH data points in our study has no effect on constrain metal binding models using the average proton
the metal binding constants we develop; however, additional binding parameters developed through modeling of triplicate
metal binding constants may be necessary to fully describetitrations (at each ionic strength for each bacterial species,
metal binding under acidic pH conditions. When compared seeTables 1 and 2 The best-fit metal binding models are
at the same ionic strength and bacterial concentration, thedetermined by testing the fits of models involving metal
Cd adsorption edges fét putidaoccur at slightly lower pH binding onto any combination of the four deprotonated func-
than do those faP. mendocinaFor example, 50% Cd uptake tional group sites. The apparent Cd binding constants and
occurs at pH~ 3.5 for the 10 gL (0.1 M) experimentusing  correspondingV (Y) values for all the best-fit models are
P. putida while it occurs at pH 4.0 for the 1¢/g (0.1 M) ex- compiled inTable 3
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100
Table 3
90 Log apparent Cd binding stability constants for best-fit non-electrostatic
adsorption models for 10/¢ P. putidaandP. mendocinaxperiments con-
80 ducted at 0.01, 0.1, and 0.5 M ionic strengths and foy3 B. putidaand
70 P. mendocinaxperiments conducted at 0.1 M ionic strength
L 60 Bacterium and V() Site 1 Site 2 Site 3 Site 4
g ionic strength
§ 50 P. putida
® 40 0.01 M (10 gL) 0.10 NA 377 530 NA
g 0.1M (10 gL) 2.44 NA 427 408 NA
30 0.5M (10 gL) 1.65 NA 4.26 474 NA
20 0.1M@Bgl) 1.48 NA 4.17 482 6.21
10 P. mendocina Site A Site B Site C Site D
0.01 M (10 gL) 0.84 NA 4.01 477 NA
0 . L 0.1 M (10 gL) 2.55 NA 4.00 540 NA
3.5 4.5 55 6.5 0.5M (10 gL) 6.29 NA 340 530 NA
pH 0.1M@BglL) 4.45 NA 384 373 5.90

FITEQL was used to calculated stability constants based ofEm text,
Fig. 9. Pb adsorption data for ¥ig (O, 0.01 M ionic strength®, 0.1 M K =[R-A;(M)*1/ay2+ [R-AT].
ionic strength{1, 0.5 M ionic strength) and 3/d. (>, 0.1 m ionic strength)
P. putidaexperiments. All Pb adsorption experiments were conducted using
10 ppm Pb. The best non-electrostatic model fits for the individugilL g~ cussion above). The best fitting model for each dataset is

datasets at each ionic strength are presented as solid curves, and the begiresented with the adsorption dataHigs. 7 and 8
model fit for the 3 gL data is a dashed curve. Next, we use the non-electrostatic approach to model the
3 g/L:10 ppm Cd datasets for the 0.1 M ionic strength sys-
tems for each bacterium. The best-fit Cd binding models are
determined as described above, and the apparent Cd bind-
ing constants and correspondilg@Y) values for the best-fit
3 g/L models are compiled iffable 3 The best-fit models
for Cd adsorption onto 34 P. putidaandP. mendocinaat
0.1 M ionic strength involve the complexation of Cd with
the deprotonated forms of sites 2, 3, and 4 and sites A, B,
and C, respectively. These models are different from the
10 g/L models in that Cd binding onto site 4 (site D for
P. mendocinnis additionally necessary to account for the
adsorption data at the highest pH. The best-fit models for the
3 g/L P. putidaandP. mendocinaxperiments are presented
10 [ as dashed curves Figs. 7 and 8respectively.
We model Pb adsorption onk putidaandP. mendocina
in the same fashion as the Cd adsorption datasets. The 0.01,
0.1, and 0.5 M datasets collected from the/L ¢°. putida
and 0.5 gL P. mendocinaexperiments are modeled first to
Fig. 10. Pb adsorption data for 0.3lg(O, 0.01 M ionic strength®, 0.1 M examine the effect of ionic strength on apparent Pb binding
ionic strength{d, 0.5 M ionic strength) and 3/4 (>, 0.1 m ionic strength) constants. The best-fit models for Pb adsorption ontgll g
P. mendocinaxperiments. All Pb adsorption experiments were conducted P, putidaat ionic strengths of 0.01 and 0.1 M involve the
using 10 ppm Pb. The t?esF non-electrostatic model fits fqr the individual complexation of Pb with the deprotonated forms of sites 2
0.5 g/L datasets at each ionic strength are presented as solid curves, and the . . .
best model fit for the 3 . data is a dashed curve. and 3. C_omplexauon of Pp with site 2 alpng was necessary
to best fit the 1 gL P. putidadata at an ionic strength of
0.5 M. The best-fit models for Pb adsorption onto 0/& g
The best-fit models for Cd adsorption onto 1Lg  P. mendocinaat all ionic strengths are identical in that they
P. putidaat all ionic strengths involve the complexation of involve the complexation of Pb with the deprotonated forms
Cd with the deprotonated forms of sites 2 and 3. The best- of sites B and C. The apparent Pb binding constants and cor-
fit models for Cd adsorption onto 1¢/lg P. mendocinaat responding/ (Y) values for the best-fit models are compiled
all ionic strengths are identical in that they involve the com- in Table 4 and the model fits for each dataset are presented
plexation of Cd with the deprotonated forms of sites B and C. with the raw data inFigs. 9 and 10The best-fit models
Binding onto the lowest i, sites was not necessary to fitthe for Pb (10 ppm) adsorption onto Jig P. putidaand onto
P. putidaor P. mendocinalata because low-pH data points 3 g/L P. mendocinat 0.1 M ionic strength each involve the
(pH < 3.5) are not included as part of this analysis (see dis- 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-electrostatic ad-
sorption models for 1 4 P. putidaand 0.5 gL P. mendocinaxperiments
conducted at 0.01, 0.1, and 0.5 M ionic strengths and fofl3 @ putida
andP. mendocinaxperiments conducted at 0.1 M ionic strength

100

90 |

80

70

Bacterium and V() Site 1 Site 2 Site 3 Site 4
ionic strength

P. putida

0.01m (1gL) 2.24 NA 5.04 560 NA
0.1m(1gL) 11.2 NA 4.85 514 NA
0.5m(1glL) 29.8 NA 4.90 NA NA
0.1m@3glL) 0.31 NA 514 NA NA

P. mendocina Site A Site B SiteC Site D
0.01 m (0.5¢L) 5.30 NA 494 560 NA
0.1 m (0.54gL) 8.12 NA 512 620 NA
0.5m (0.54gL) 7.38 NA 5.08 620 NA
0.1m3gL) 1.38 NA 5.27 NA NA

FITEQL was used to calculated stability constants based of4Em text,
K =[R-A; (M) T1/ay2: [R-A 1.

Cd adsorbed (%)

60

site B) only. The apparent Pb binding constants for th¢l3 g
data are also are compiledTiable 4 and the best-fit model
curves are presented kigs. 9 and 10

50 |

40 L
0.001 0.010 0.100
lonic strength (M)

1.000

Fig. 11. Cd adsorption isotherm data for BLgP. putida(®) and 3 gL

P. mendocingO) at constant pH (® £ 0.2), constant total Cd concen-
tration (10 ppm), and variable ionic strength (0.001 to 0.6 M). The best
non-electrostatic model fits for each dataset, constrained for Cd binding
onto site 2 forP. putidaand site B forP. mendocingare presented as solid
curves.

100
4.4, Cd, Pb, and Sr isotherm experiments 90 L
(]

In this set of experiments, the pH of each batch reac- _ 4 |
tion vessel for each isotherm experiment was held constant, <
while the ionic strength of each vessel was manipulated. The & 70 I
pH for the Cd, Pb, and Sr isotherm experiments averaged % ¢
59+0.2, 55+ 0.2, and 63+ 0.2, respectively, for both 2 s | o
bacterial species. The ionic strength of each reaction vessel
ranged from 0.001 te-0.6 M. The extents of Cd, Pb, and 50 |
Sr adsorption that we observed for each bacterial species de-
creased as a function of increasing ionic strength, forming 40 , ,
a gently dipping series of data points when plotted on a log 0.001 0.010 0.100 1000

scale Figs. 11, 12, and 13%or each of the metals, respec-
tively). The ionic strength effects on the extent of Cd and
Pb adsorption as a function of ionic strength are similar in Fig. 12. Pb adsorption isotherm data for ALgP. putida @) and 1 gL
magnitude, and are similar for both bacterial species tested.> mendocind©) at constant pH (5 & 0.2), constant total Pb concen-
Conversely, the magnitude of the changes in the extents Oftratlon (10 ppm), and va_mable ionic strength (0.00Z_L to 0.6 M)._Thg best
! . o o0 non-electrostatic model fits for each dataset, constrained for Pb binding onto

Sr adsorption from low to high ionic strength are similar for sjte 2 forp. putidaand site B foP. mendocinaare presented as solid curves.
each bacterium, but are much greater in magnitude than we
observed in the Cd and Pb experiments. For example, the
amount of adsorbed Cd and Pb changes by about 20% oveivith site 2/B only, and best-fitting Sr binding constants for
the ionic strength range of 0.001 to 0.6 M, while the amount complexation with site 3/D only (the site with a highek'p
of adsorbed Sr changes by more than 40% over this samevas chosen because the equilibrium pH for these experi-
ionic strength range. ments was higher than those for the Pb and Cd experiments).

We model each ionic strength isotherm using the non- By utilizing this approach, we can determine the degree to
electrostatic approach, as described above for the adsorptionwhich a non-electrostatic model is capable of describing the
edge data; however, we additionally input the ionic strength observed changes in ionic strength. Because this model does
of the electrolyte solution at each experimental point as se-not account for changes in the bacterial surface electric field,
rial data in our models. The average of the proton binding and the experiments were conducted at a constant pH and
constants and site densities for all three ionic strengths (for total metal concentration, only changes in the activity coef-
each bacterium separately) were used as input to constrairficient of the metal cation (as a function of ionic strength)
the ionic strength isotherm models. We chose to calculate can influence in the shape of the best-fit curve for each ex-
best-fitting Cd/Pb binding constants for metal complexation periment.

lonic strength (M)
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ionic strength as serial data, as was done previously us-
ing the non-electrostatic approach. Instead, we are forced to
compare DLM and non-electrostatic approaches by model-
ing each individual data point within each Sr binding dataset
separately. We use this approach to calculate the specific Sr
binding constant that is necessary to perfectly fit each in-
dividual data point. In this fashion, we calculate different
values of the Sr binding constant for each data point, and
we compare the effectiveness of each modeling approach by
calculating the standard deviation associated with the aver-
age calculated Sr binding constant value developed using the
DLM and non-electrostatic approaches. The model that has
the least variability (smallest standard deviation) in binding
constant values over the entire ionic strength range, is the
Fig. 13. Sr adsorption isotherm data for fLgP. putida (@) and 6 gL model that best fits the dataset. As with the non-electrostatic
P. mendocing(O) at constant pH (8 + 0.2), constant total Sr concen-  models, we use the average DLM proton binding and site
tration (10 ppm), and va}riable ionic strength (0.00]_. to 0.6 M)._Th_e best density parameters for all three ionic strengths (for each
n_on-electrostgnc modgl fits for each datgset, constrained forSrpmdmg onto bacterium separately) to constrain Sr binding constants. We
site 3 forP. putidaand site C folP. mendocingare presented as solid curves. . - .
choose to constrain Sr binding constants for complexation
with the second (higherK,) site of the DLM. The results
Model fits for both the Cd and Pb datasets are in excel- of this modeling demonstrate that log binding constant val-
lent agreement with the observed extents of adsorption overyes for Sr binding developed using the DLM approach av-
the entire ionic strength range of the experimefigs. 11 erage 2.0 with ad uncertainty of 0.6 for thé. putidaSr
and 13. For example, thé/ (Y) values for Pb and Cd com-  dataset, and averagedwith a 1o uncertainty of 0.7 for the
plexation with site B ofP. mendocinaare 0.8 and 0.6, re-  p. mendocin&r dataset. The log binding constant values for
spectively, andV (Y) values are 3.7 and 0.4 for Pb and S binding developed using the non-electrostatic approach
Cd complexation with site 2 dP. putida respectively. The  average 4.2 with ad uncertainty of 0.1 for th®. putidaSr
calculated log apparent Cd binding constantsRoputida dataset, and average 4.2 with@ dncertainty of 0.1 for the
andP. mendocinare both 4.3, while the best-fit log appar- P. mendocin$r dataset.
ent Pb binding constants for these bacteria are 5.0 and 5.2,
respectively. The binding constants constrained by model-
ing the ionic strength isotherms agree remarkably well with 5, Discussion
those developed independently by modeling adsorption edge
data. For example, the log Cd binding constants for site 2 5.1. Proton adsorption behavior and ionic strength
of P. putidaand site B ofP. mendocinathat were con-
strained from adsorption edge data ranged from 3.8 to 4.3  Although there are measurable changes in the shapes of
and from 3.4 to 4.0, respectively, for experiments conducted the P. putidaandP. mendocinditration curves as a function
at 0.01, 0.1, and 0.5 M ionic strengtfiaple 3. The log of ionic strength Figs. 1 and 2, non-electrostatic modeling
Pb binding constants for site 2 & putidaand site B of results demonstrate that ionic strength has a small or negli-
P. mendocinahat were constrained from adsorption edge gible effect on proton binding constants over the tested ionic
data ranged from 4.9 to 5.0 and from 4.9 to 5.1, respectively strength range of 0.01 to 0.5 M. Apparent total site densities
(Table 4. for each bacterium increase with increasing ionic strength
Best-fit models for the Sr datasets are not capable of by about 40% foP. putidaand about 20% foP. mendocina
fitting the data over the entire ionic strength range tested Similar increases in total site density with increasing ionic
(Fig. 13. Hence, the model fits result in a largécY) value strength are reported by Daughney and HéiB] for the
of 24.8 for complexation with site 3 ¢¥. putidaand aV (Y) Gram positive bacterial speci@& subtilisand B. licheni-
value of 15.2 for complexation with site C Bf mendocina formis and by Cox et al[9] for B. subtilis Martinez et al.
Log binding constant values for Sr complexation are 4.2 for [10] observed a similar trend for the Gram negative bacterial
both bacterial species. Best-fit models are presented as solidgpeciesE. coli, in that apparent total site densities increased
curves for each datasetfigs. 11, 12, and 13 by about 20% from 0.01 to 0.05 M ionic strength, but re-
We test whether the DLM approach provides a better fitto mained the same between 0.05 and 0.5 M ionic strength.
the Srisotherms than the non-electrostatic model. However, Although there are a limited number of studies available
the required input for the DLM approach within FITEQL re- for comparison, it appears that the ionic strength effects for
quires that a single concentration value be entered for theprotonation reactions on bacterial surfaces are ‘universal’
symmetrical electrolyte. Hence, we cannot model the entire in that they affect different Gram positive and Gram nega-
ionic strength isotherm dataset as a single unit, inputting tive bacterial species similarly. Martinez et |lO] describe

Sr adsorbed (%)

0.001 0.010 0.100 1.000
lonic strength (M)
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an exception to this observation, by showing that under the fulvic acids (over the range of 0.01 to 0.3 M) is rather small,
conditions of their study the apparent total site density for and of similar magnitude to that described for the bacterial
B. subtilisfirst went up slightly from 0.01 to 0.05 M ionic  surfaces in this study. Hence, for most modeling applica-
strength, but then decreased slightly when ionic strength wastions, it may be reasonable to employ a similar discrete site
increased to 0.5 M. surface complexation model, neglecting the effect of ionic
The four-site non-electrostatic surface complexation strength on proton binding onto bacterial surfaces and dis-
model developed in our study not only fits the titration data solved humic substances.
reasonably well at each ionic strength, but the effect of ionic
strength on apparent proton binding constants and site denb.2. Metal adsorption/desorption kinetics
sities is relatively small. For example, the magnitude of the
observed differences in apparent total site density over the Our results demonstrate that different Gram negative bac-
tested ionic strength range is similar to the @rrors calcu- terial species can exhibit significantly different metal ad-
lated from triplicate titration experiments at each individual sorption and desorption reaction kinetics. The rapid adsorp-
ionic strength. Equivalent model fits to the titration datasets tion and desorption of Cd onte. mendocinaare similar to
at each ionic strength can be achieved using the DLM or the rate of adsorption and desorption previously observed
TLM treatmentsFigs. 1 and 2 However, the effect ofionic  for Cd binding toB. subtilis[8] and for Zn adsorption onto
strength on the intrinsic DLM and TLM proton binding con-  the Gram negative bacterium from the geginterobacteri-
stants and site densities is large, and is much greater than thaceae[15]. However, the two-step, 4-h adsorption process
effect of ionic strength on the apparent stability constants observed for Cd binding ontB. putidais most similar to
developed using the non-electrostatic approach. that previously observed for Cd adsorption oBtaoli[14].
Because the effect of ionic strength on protonation reac- It is unclear whether differences in the kinetics of Cd adsorp-
tions on the bacterial surface is small, the DLM and TLM tion are related to real differences in binding (perhaps onto
approaches significantly overpredict the magnitude of elec- different portions of the Gram negative cell membrane), or
trostatic corrections necessary to describe these reactionswhether these differences are triggered by structural changes
Overprediction of the diffuse-layer potential using the DLM brought about by exposure to acidic solutions during the ad-
has been demonstrated previously at high ionic strengths forsorption kinetics experimen{3]. This may explain why
mineral surfacef39]; however, the TLM has been success- the desorption experiments, which begin at neutral pH, pro-
fully applied for modeling protonation reactions on mineral vided similar results for both bacteria. Clearly, spectroscopic
surfaces at ionic strengths greater than those tested in thisnformation would be necessary to confirm any proposed
study [37]. Careful comparison of the magnitude of elec- mechanism.
trostatic effects on raw titration data from bacterial surfaces
and mineral surfaces (data compiled by Sahai and Sverjen-5.3. Cd, Pb, and Sr adsorption and ionic strength effects
sky [37]) suggests that the shapes and positions of titration
data change more for mineral surfaces than for bacterial sur-  Under identical experimental conditions, the Gram nega-
faces in response to equal changes in salt concentration. Fotive bacteria tested in this study adsorb Cd to roughly similar
example, at pH 6.0, the charge on the surfac®.qgfutida extents, but to greater extents than individual Gram posi-
changes by about@25 C/m? over the ionic strength range  tive bacterial specief23] or consortia of bacterial species
of 0.01 to 0.5 M, while the charge on corundum and goethite that include Gram positive bactelfial]. The extents of Pb
change by about.05 C/m? at the same pH over a similar and Sr adsorption in our study are also similarFoputida
ionic strength rangf87]. This suggests that the electrostatic and P. mendocinaHowever, these results are not directly
treatments developed for mineral surfaces cannot be directlycomparable to previous studies, because previous studies ex-
applied to bacterial surfaces, because the surface charges foamining Pb and Sr utilized acid-treated bacteria (¢83),
bacteria and mineral surfaces change disproportionately asa As ionic strength increases from 0.01 to 0.5 M, the extent
function of ionic strength. This result is not entirely surpris- of Cd and Pb adsorption onk putidaandP. mendocinale-
ing because the bacterial surface is not actually a ‘surface’ creases slightly in both the adsorption edgegé. 7 and 8
but a three-dimensional fabric organic polymers. In contrast, respectively, for Cd anBigs. 9 and 10respectively, for Pb)
the changes in protonation behavior for humic and fulvic and adsorption isotherm experimenBg; 11 for Cd and
acids as a function of salt concentration appear to be sim-Fig. 12for Pb). The observed decreases in Cd and Pb adsorp-
ilar to those observed for bacterial surfaces. The shapes andion with increasing ionic strength can be attributed to one
positions of titration curves for most humic and fulvic acids or more of the following factors: (1) enhanced competition
change in similar ways and in similarly small magnitudes to of the background electrolyte cation (Ngfor deprotonated
those of bacterial surfaces as a function of ionic strength (seebinding sites at high ionic strength, (2) changes in the acces-
compilation by Milne et al[40]). Using a similar four-site  sibility (or ‘activity’) of the metal binding functional group
non-electrostatic surface complexation model to that devel- sites on the bacterial surfaces as a function of ionic strength
oped in this study, Borrok and Fej#l] show that the ionic  (e.g.,[19]), or (3) changes in the activity of the agqueous
strength effects on proton binding for a variety of humic and metal cations as a function of ionic strength.



124 D.M. Borrok, J.B. Fein / Journal of Colloid and Interface Science 286 (2005) 110-126

Non-electrostatic modeling results from the Cd and Pb TLM electrostatic treatments greatly overpredict the effect
adsorption experiments support the third possibility. The fact of ionic strength for proton, Cd, and Pb adsorption.
that a modeling approach that does not account for electric  In contrast to the Cd and Pb adsorption data, a non-
field interactions (‘non-electrostatic’) can be used to suc- electrostatic modeling approach is not capable of fitting Sr
cessfully fit data from the Cd and Pb ionic strength isotherm ionic strength isotherm data over the entire ionic strength
experiments, strongly suggests that changes in the activityrange tested. This suggests that in addition to the effects
of the aqueous metal cation control the observed adsorptioncaused by changes in the activity of the aqueous metal
behavior. In other words, a bacterial surface electric field cation, one or both of the remaining electrostatic factors out-
model is not necessary to provide an adequate fit to the Cdlined above control the observed adsorption behavior for Sr.
and Pb adsorption data fé putidaandP. mendocinaver ~ This may also suggest that Sr is primarily adsorbed to the
the ionic strength range tested in our study. This is further surfaces ofP. putidaand P. mendocinaas an outer sphere
illustrated in the similarity of the non-electrostatic binding complex (a hypothesis supported by Small et[21] and
constant values calculated from the adsorption edge data at'ee et al[17] for S. algaandB. subtilis respectively). De-
ionic strengths of 0.01, 0.1, and 0.5 M. Apparent Cd binding spite the greater effect of salt concentration, the Sr stability
constants change by only about 0.5 log units over this ionic constants developed using the non-electrostatic model (for
strength range for botR putidaandP. mendocingTable 3. each data point individually) are more consistent than.th.ose
Apparent binding constants for Pb change by only about 0.2 gleveloped using th_e DLM. That is, the standard deviation
log units for site 2 ofP. putidaand site B ofP. mendocina in apparent Sr b|_nd|_ng constants caICl_JIated for eacr_\ Sr ad-
over this ionic strength rang@4ble 4. These differencesin ~ SOTPtion data point is only 0.1 log unit for both putida

apparent binding constants are not statistically meaningful apd P. men_docinawhile the standard dgviations of intrin-
because variability of-0.2 log units is common when com- sic Sr binding constants calculated using the DLM are 0.6

paring binding constants constrained using data collected®"d 0-7 10g units for éach bacterium, respectively. The DLM
from two identical experiments or data from experiments greatly overpredl_cts the effect of ionic strength on Sr adsorp-
conducted under identical conditions with variable bacte- tion over I’:he entire tefsttr?ddrapge (d0.0?l tp O.'5 ';/l)’ bltjrt] also
ria:metal ratios. Equilibrium constants for surface complex- over smaller ranges of the data under low 10nic strength con-

ation reactions should be valid over a range of bactena:metald't'pns (i.e.,0.001t00.01 M)..Appl|cat|on ofthe TLM to the
. . . . Sr isotherm data produced similarly poor results to those of
ratios as long as the adsorption mechanisms remain constamt :
. - he DLM, and are not discussed further here.
For this reason, we expect the apparent Cd binding constants

. : . The effects of ionic strength on Cd and Pb binding onto
for Cd adsorption edge experiments conducted using 10 andthe bacterial surfaces documented in our study are generall
3 g/L bacteria at 0.1 M ionic strength to be equal. Instead, y g y

we observe a change of about 0.2 log units in apparent ColS|m|Iar to those observed for Cd and Pb binding onto the sur-

- : face ofB. subtilis[13]. However, in the Daughney and Fein
b!nd!ng constants for each bacter,uﬁable 3. Appgrent Pb study[13], the Gram positive bacteriunB. licheniformis
binding constants for Pb adsorption edge experiments con-

d 4 usi q idaal h by ab 5 exhibited opposite, ‘promotive, behavior in that the extent
ucted using 3 and 1/¢ P. putidaalso change by about 0. of Cd adsorption increased with increasing ionic strength.

log units, while apparent Pb binding constants constrained rp rea50ns for this difference remain unclear, but could be

from the 3 and 0.5 4. P. mendocinadsorption edge ex-  (a|ated to the specific experimental conditions tested. The ef-
periments change by about 0.4 log unifalfle 4. These  foc(5 of jonic strength on Cd and Pb binding oRtcputida

variations are caused either from experimental uncertainties;qp. putidaare also similar to those determined for adsorp-
or from real variations in the binding mechanisms between o of these metals onto a host of mineral surfaces, includ-
the two bacterial concentration conditions. This variation s- jng iron oxides[42—44] calcite[45,46] and clay minerals
tablishes the degree of uncertainty involved in application of (47 48] The extents of Cd adsorption onto the mineral sur-
a surface complexation model under constant ionic strengthfaces in these studies was only weakly affected by changes in
conditions. Hence, we conclude that ionic strength effects onjgnic strength, while the extents of Pb adsorption remained
apparent Cd and Pb binding constants over the range of 0.01ynaffected by changes in ionic strength in all the studies. The
to 0.5 Mionic strength are small, and of similar magnitude to effects of ionic strength on Sr binding onto bacterial surfaces
the experimental uncertainty associated with their develop- in this study and in previous studies by Ledin ef&8] and
ment. Furthermore, because the calculated apparent bindingsmall et al.[21] for P. putidaandS. alga respectively, are
constants for Cd and Pb are relatively invariant as a func- similar and appear to be greater than those observed for Sr
tion of ionic strength, it may suggest that Cd and Pb are binding onto some mineral surfacgd]. The effect of ionic
primarily adsorbed to the surfaces RfputidaandP. men- strength on Cd and Pb binding onto natural organic macro-
docinaas inner sphere complexes under the conditions of molecules like humic and fulvic acidé9,50] appears to be
our study. Application of the DLM and TLM models to the more pronounced than that observed in our study for bac-
Cd and Pb datasets (data not presented) resulted in pooreterial surfaces or than that observed in studies of mineral
fits and dramatic variability in intrinsic stability constants surfaces. For example, Liu and Gonza]B2] suggest that
over the tested ionic strength range. Hence, the DLM and the dramatic changes in the extents of Cd and Pb adsorp-
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tion onto Aldrich humic acid over the ionic strength range surfaces of the tested Gram negative bacterial species, while
of 0.02 to 0.8 M are due to electrostatic effects; however, Srforms electrostatic bonds (likely outer sphere complexes);
they do not separate activity coefficients effects from bacte- (3) under the conditions of this study, reasonable approxima-
rial surface electric field effects. The adsorption of Sr onto tions of proton, Cd, Pb (and possibly Sr) adsorption behav-
natural organic matter has not been investigated sufficiently ior can be obtained by models that neglect bacterial surface
as a function of ionic strength, and therefore cannot be com- electric field effects; (4) the ionic strength effects that are ob-
pared to the results in our study. These observations mayserved in our study appear to be similar for different Gram
suggest that changes in the behavior of metal adsorption ontanegative and Gram positive bacterial species, suggesting that
bacterial surfaces in response to changes in ionic strength arelectric field interactions for bacterial surfaces may be ‘uni-
intermediate in magnitude when compared to those associ-versal’; and (5) the protonation framework and geometric
ated with mineral surfaces and dissolved humic substances.environment of the functional groups on the bacterial sur-
face are strikingly different from those of a mineral surface,
and this is likely why traditional DLM and TLM electrostatic
6. Summary and conclusions treatments fail to successfully describe electrostatic interac-
tions with the bacterial surface.

This study is the first to examine the proton and metal = Because the effect of ionic strength on proton and metal
(Cd, Pb, and Sr) adsorption behavior of Gram negative bac-adsorption reactions onto bacterial surfaces is small, a sim-
terial species over a broad range of ionic strength (0.001 to plified, non-electrostatic surface complexation model like
0.6 M). Results suggest that proton binding behavior is only the one developed here may be the most functional pre-
moderately influenced by changes in ionic strength and, atdictive modeling tool for accounting for bacterial surface
least for some applications, can be adequately described usadsorption in complex environments. The uncertainties asso-
ing a four-discrete-site non-electrostatic surface complexa- ciated with application of purely mechanistic surface com-
tion model. DLM or TLM treatments not only fail to improve  plexation models to multi-component, heterogeneous sys-
model fits for proton binding datasets, but also significantly tems is large because it is impossible to delineate the exact
overpredict the effect of ionic strength on proton binding, types (i.e., mineral surfaces, organic acids, bacterial sur-
resulting in intrinsic binding constants that change by more faces, etc.) and abundances of surface functional group sites
than an order of magnitude over the ionic strength range available for adsorptiof1,51] Mainly because of this diffi-
of 0.01to 0.5 M. culty, simplified, semi-empirical surface complexation mod-

The extents of Cd and Pb adsorption oRtqutidaand eling approaches have been developed for describing ad-
P. mendocinadecrease slightly as ionic strength increases. sorption reactions in realistic geologic settifi§$—55] The
However, this decrease can be entirely attributed to changesesults from our study suggest that it may be reasonable to
in the activity of the aqueous metal cation as a function of neglect bacterial surface electric field effects for bacterial
ionic strength and not to bacterial surface electric field inter- surfaces when applying these simplified surface complexa-
actions. As with the proton binding data, a four-discrete-site tion models to geologic systems. Using this approach, stabil-
non-electrostatic surface complexation model is adequate fority constants for Sr and other weakly adsorbing cations can
describing Cd and Pb binding onto the Gram negative bacte-be estimated using a non-electrostatic modeling approach for
rial species tested under the experimental conditions in thiseach specific ionic strength range of interest.
study. Moreover, the DLM and TLM electrostatic treatments
are not only unnecessary, but result in poor fits to the data
with more variability in calculated binding constants. The Acknowledgments
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