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a b s t r a c t

Chromium (III) binding by exopolymeric substances (EPS) isolated from Pseudomonas putida P18,
Pseudomonas aeruginosa P16 and Pseudomonas stutzeri P40 strains were investigated by the determination
of conditional stability constants and the concentration of functional groups using the ion-exchange
experiments and potentiometric titrations. Spectroscopic (EXAFS) analysis was also used to obtain infor-
mation on the nature of Cr(III) binding with EPS functional groups. The data from ion-exchange experi-
ments and potentiometric titrations were evaluated using a non-electrostatic discrete ligand approach.
The modeling results show that the acid/base properties of EPSs can be best characterized by invoking
four different types of acid functional groups with arbitrarily assigned pKa values of 4, 6, 8 and 10.

The analysis of ion-exchange data using the discrete ligand approach suggests that while the Cr binding
by EPS from P. aeruginosa can be successfully described based on a reaction stoichiometry of 1:2 between
Cr(III) and HL2 monoprotic ligands, the accurate description of Cr binding by EPSs extracted from P. putida
and P. stutzeri requires postulation of 1:1 Cr(III)-ligand complexes with HL2 and HL3 monoprotic ligands,
respectively. These results indicate that the carboxyl and/or phosphoric acid sites contribute to Cr(III)
binding by microbial EPS, as also confirmed by EXAFS analysis performed in the current study.

Overall, this study highlights the need for incorporation of Cr–EPS interactions into transport and spe-
ciation models to more accurately assess microbial Cr(VI) reduction and chromium transport in subsur-
face systems, including microbial reactive treatment barriers.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Microbial exopolymeric substances (EPS) are one of the major
components of natural organic matter (NOM) in natural systems.
Exopolymeric substances (EPS) are produced by microbes for a
variety of purposes in response to environmental stresses e.g.,
pH. Quantity and composition of EPS have been shown to vary
depending upon bacterial strain and environmental stresses (e.g.,
pH, temperature, toxic metal ions) in several studies (e.g., Aquino
and Stuckey, 2004; Guibaud et al., 2005; Sheng et al., 2005; Priester
et al., 2006). For example, in a study with the hydrogen-producing
photosynthetic bacteria strain Rhodopseudomonas acidophila,
Sheng et al. (2005) found that toxic substances such as chromium
(VI) stimulated the production of microbial EPS. Similarly, in
anaerobic chemostats fed on glucose, Aquino and Stuckey (2004)
observed that exposure to excess Cr(VI) led to an enhanced EPS
production.
ll rights reserved.

92; fax: +90 324 361 0032.
.

Recently, a number of researchers have reported on the effects of
microbial EPS on chromium speciation and behavior in natural sys-
tems. For example, Priester et al. (2006) found that chromium (III)
that formed after microbial reduction of Cr(VI) with Pseudomonas
putida was partly associated with exoploymeric substances (EPS).
Puzon et al. (2005) found that Cr(VI) reduction in the presence of
cellular organic metabolites (e.g., citrate, ascorbate, malate) formed
highly soluble organo-Cr(III) complexes, which are very stable over
a broad pH range. Similarly, Cetin et al. (2009) found that EPS con-
stituents such as alginic and galacturonic acids lowered Cr(III) sorp-
tion to soils due to the formation of highly soluble and less sorbing
Cr(III)-ligand complexes between functional groups (e.g., carbox-
ylic) of EPS and Cr(III).

Microbial EPSs contain multiple functional groups (e.g., carbox-
ylic, phosphate, amine, hydroxylic functional groups) for binding
with metal ions e.g., Cr (Guibaud et al., 2008). The nature of proton
and metal binding by EPS varies with the type and composition of
EPS (Priester et al., 2006). For example, while Lamelas et al. (2006)
accurately described the acid/base characteristics of EPS isolated
from Rhizobium meliloti using two different pKa values (pKa1 3.4
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and pKa2 6.17), Liu and Fang (2002) found that at least 6 different
pKa values (4.4, 6.0, 7.4, 8.2, 9.4 and 11) were required to represent
all functional groups found in microbial EPS extracted from sulfate
reducing bacteria. Similarly, Comte et al. (2008) determined 2 dis-
tinct pKa values for EPSs isolated from activated sludge. Studies by
Guibaud et al. (2005) and Tourney et al. (2009) indicate that the
carboxyl and phosphate functional groups play an important role
on metal ion binding by EPS due to high P and COOH contents of
microbial EPS.

Metal–EPS interactions have been modeled predominantly
through the use of graphical techniques such as those of Schubert’s
(Schubert, 1948), Kurbatov’s (Kurbatov et al., 1951) and (Ruzic,
1996) (e.g., Guibaud et al., 2003, 2005, 2006). As stated by Harper
et al. (2008), graphical techniques work well for complexes with
relatively simple stoichiometries in terms of metal-ion: ligand ra-
tios (e.g., 1:1; 1:2) but can be problematic when mixed stoichiom-
etries exist (e.g., a mixture of 1:1 and 1:2 complexes (Smith et al.,
1986)). An alternative avenue is the use of chemical models that
describe metal and proton binding by EPS through the use of a dis-
crete ligand or a distribution of ligands with or without the inclu-
sion of electrostatic effects (e.g., Westall et al., 1995; Lamelas et al.,
2006). A characteristic of the use of chemical speciation models is
the emphasis on the development of a molecular hypothesis for the
complexant. In this study, a comparison of Cr complexation by EPS
produced by three bacterial strains, we conceptualize the protolyt-
ic characteristics of EPS as being represented as a linear combina-
tion of independent, ionogenic sites. This is an approach described
by Westall et al. (1995) and later used by several researchers (e.g.,
Kantar and Honeyman, 2005; Harper et al., 2008).

Although there is substantial evidence on the production of
microbial EPS during microbial Cr(VI) reduction, little is known
about specific interactions between Cr(III) and EPS released by bac-
teria. The purpose of this current study was to determine the ef-
fects of microbial EPS on Cr speciation and subsequent mobility
or immobility in subsurface systems contaminated with Cr. The
nature of Cr(III) complexation with EPS functional groups and Cr:
ligand reaction stoichiometries were investigated for three differ-
ent microbial EPSs isolated from P. putida P18, Pseudomonas stutzeri
P40 and Pseudomonas aeruginosa P16. The extent of Cr complexa-
tion with the EPS functional groups was evaluated using a combi-
nation of a ligand competition technique employing a cation
exchange technique and X-ray Absorption Fine Structure (EXAFS)
Spectroscopy. Potentiometric titration and Cr–EPS complexation
data were evaluated using a non-electrostatic discrete model in
FITEQL (Herbelin and Westall, 1999). While the application of
non-electrostatic discrete ligand models to the interpretation of
complexation data is not new in the literature (e.g., Kantar and
Honeyman, 2005), it is not common, especially in complex systems
involving microbial EPS. In addition, the development of such sim-
ple mechanistic modeling approaches allows the modelers to incor-
porate metal–ligand interactions (e.g., Cr–EPS complexation) into
surface complexation (SCM) and reactive transport models. In Part
2 of this publication series (Kantar et al., 2010), for instance, we
show that the discrete ligand model developed for the description
of Cr–EPS interactions in the current study can be easily incorpo-
rated into a non-electrostatic SCM to accurately simulate the effects
of EPS on Cr(III) sorption and transport in heterogeneous subsurface
soils under a wide range of environmental conditions (e.g., pH).
2. Materials and methods

2.1. Materials

Unless stated otherwise, all chemicals used in the experiments
were reagent grade or better. Water for all experiments was
supplied from Millipore (Simplicity 185) UV (ultraviolet)-water
system. Chromium (III)-nitrate-nanohydrate (Merck) was used as
the source for Cr(III) in all experiments. DOWEX 50WX8-200 cation
exchange resin, cleaned and treated as described in Kantar and
Honeyman (2005) was used in all resin exchange experiments.
To precondition the internal surfaces, Oak Ridge type centrifuge
tubes used for ion-exchange experiments were soaked in 0.01 M
NaCl solution, rinsed and allowed to dry. All stock solutions,
including NaOH and HCl for pH adjustments, NaCl for ionic
strength adjustment were prepared using UV-water and stored in
amber glass bottles in the dark at 4 �C.

Stock solutions of ‘dissolved EPS’ were prepared using EPSs iso-
lated from P. aeruginosa P16, P. putida P18, and P. stutzeri P40 as de-
scribed by Hung et al. (2005). Total carbohydrate contents of EPS
were measured by the phenol–sulfuric acid method using glucose
as the standard (Southgate, 1976). Total protein was quantified by
a modified Lowry method (Hartree, 2004). Total concentrations of
uronic acids in EPSs were determined by a spectrophotometric
method, as modified by Hung and Santschi (2001). The phosphorus
contents of dissolved EPS were analyzed with ICP-MS. Detailed
information regarding EPS isolation and purification from bacteria
can be found in Supporting information, page S2.

2.2. Potentiometric titrations

Potentiometric titrations of the three EPS isolates were per-
formed in a temperature-controlled glass cell (24 ± 2 �C) under a
CO2 free atmosphere using an automated computer controlled tit-
rimeter to determine EPS acid–base characteristics. The titrations
were conducted with HCl and NaOH titrants (CO2-free), standard-
ized against potassium hydrogen phthalate. Appropriate aliquots
of NaCl and UV-water were added to the cell to bring the sample
to 50 mL and the desired ionic strength. The titrations were per-
formed at ionic strengths of 0.01 and 0.1 M NaCl. The samples con-
taining EPS were first acidified with HCl, and sparged slowly with
N2 gas for an hour to remove CO2 gas. Titrations were performed at
EPS concentrations of 325, 385 and 397.5 mg L�1 for P. stutzeri P40,
P. putida P18 and P. aeruginosa P16, respectively. The solutions
were titrated first with 0.1 N NaOH from an initial pH of 3.0 to a
final pH of 10.5, and then titrated back to pH 3.0 with 0.1 N HCl.

2.3. Ion-exchange experiments

A series of ion-exchange experiments were conducted in batch
mode to determine Cr(III) binding to the resin sites in the absence
or presence of EPS. To develop ion-exchange isotherms for Cr sorp-
tion to the resin sites in the absence of EPS, experiments were con-
ducted at a pH of 3 or 4, an ionic strength of 0.01 M NaCl and with
Cr(III)T concentration ranging from 10�6 to 10�4 M. The amount of
the resin in each sample was varied between 0.08 to 0.9 g L�1. The
experiments were performed using 50 mL polycarbonate Oak
Ridge type centrifuge tubes with a total solution volume of
30 mL. All experiments were performed in the dark at ambient
pressure, atmospheric composition and temperature (24 ± 2 �C).
The tubes were then placed on a shaker table in the dark for
48 h. Kinetic experiments (data not shown) suggest that this time
was sufficient to attain equilibrium in our experiments. After equil-
ibration, the sample pH was checked, the resin was then allowed to
settle for 30 min and the supernatant liquid was collected for anal-
ysis. The aqueous Cr concentration was determined using ICP-MS
(Agilent 7500ce) with a detection limit of 4.06 � 10�10 M, and
the Cr bound to the resin was calculated from the difference be-
tween the Cr concentration in these samples and the Cr concentra-
tion prepared without resin.

The experimental method to develop ion-exchange isotherms
for Cr sorption to the resin sites in the presence of microbial EPS
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follows the same procedure as described above. The amount of re-
sin used in these samples was 0.290 ± 0.015 g L�1, and the concen-
tration of Cr(III) was 10�5 M in all samples. The concentration of
EPS ranged from 5 to 200 mg L�1. In all experiments, first, a 4 mL
UV-water was added to the tubes, followed by the addition of
0.3 mL of 1 M NaCl for ionic strength adjustment. The pH of the
suspension was checked, and adjusted to pH 4 with the addition
of NaOH or HCl. After pH adjustments, aliquots of organic ligands
were added to obtain the final desired EPS concentration, the pH
was checked again, and if necessary, adjusted to pH 4. Following
the addition of EPS, aliquots of Cr(III) were added to the tubes to
obtain the final desired Cr concentration, and then the pH of the
suspension was re-checked and re-adjusted to the desired pH va-
lue if necessary. Finally, sufficient UV-water was added to the
tubes to bring all the samples to nearly 30 mL. At the end of the
equilibration period, the sample pH was checked, and the samples
were processed in the same manner as the samples without EPS, as
previously described.

2.4. Modeling proton and Cr(III) binding by EPS

In our model, the chemical behavior of microbial EPS was de-
scribed using a discrete ligand approach as implemented by Westall
et al. (1995). Our main goal in using such a simple model was to accu-
rately describe Cr–EPS interactions over a range of environmental
conditions (e.g., pH, EPS concentration) by using a minimum number
of adjustable parameters. In addition, the modeling approach used in
the study provides a consistent evaluative framework for the simula-
tions of interactions of EPS with soil surfaces and ions in speciation
(e.g., SCM) and reactive transport models despite the fact that it
may not correspond to a strict physical or chemical model of EPS
due to complexity and polyfunctionality of EPS. As suggested by
Westall et al. (1995), modeling complex systems requires simplifica-
tion, and a chemically ‘reasonable’ model, even though a simplifica-
tion of the target system, should be able to provide insight to system
properties even if the model is not ‘microscopically’ accurate. In this
approach, natural organic acids are represented as ‘an assembly’ of
monoprotic acids (HLi) with assumed pKa values and without explicit
correction for electrostatic effects:

HLi ¼ Hþ þ L�i KaðiÞ ¼
½Hþ�½L�i �
½HLi�

ð1Þ

The effect of the electrolyte concentration (i.e., ionic strength)
on the titration curves is accounted for using the single reaction
set:

Naþ þ L�i ¼ NaLi KNaðiÞ ¼
½NaLi�
½L�i �½Naþ�

ð2Þ

The chromium binding by EPS occurs mainly through functional
groups e.g., carboxylic groups:

mCr3þ þ jHL ¼ CrmLð3m�jÞ
j þ jHþ bm;j ¼

CrmLð3m�jÞ
j

h i
½Hþ�j

½HL�j½Cr3þ�m
ð3Þ

where CrmLð3m�jÞ
j is the Cr-ligand complex, and bm,j is the conditional

stability constant. The chromium binding by EPS can be evaluated
using the ion-exchange data. Detailed information regarding me-
tal–organic ligand complexation modeling using the discrete ligand
approach can be found elsewhere (e.g., Westall et al., 1995; Harper
et al., 2008).

2.5. X-ray absorption near edge structure (XANES) spectroscopy

XANES analysis was performed to determine the oxidation state
of the Cr associated with P. stutzeri P40 cell wall after microbial
reduction of 40 mg L�1 Cr(VI). Chromium (VI) was added to cells
and the samples were incubated under controlled conditions
(e.g., pH 7). Standards consisting of Cr(III)-hydroxide and potas-
sium dichromate were used to determine the edge shift due to
change in Cr oxidation state. Samples were placed in an Al sample
holder having a cut out geometry of 2 mm H � 15 mm L �
1.5 mm W. They were then sealed in Kapton tape and analyzed
on beam line � 10C at the National Synchrotron Light Source
(NSLS) in the fluorescence mode using a Lytle detector. The edge
energy was calibrated at a K edge of 5989 eV using a Cr metal foil.
During data collection the metal foil was placed in the reference
channel and run simultaneously with each sample to monitor
shifts in the beamline energy.

2.6. Extended X-ray absorption fine structure (EXAFS) spectroscopy

EXAFS was performed to determine the association of Cr with
microbial EPS. The spectra were combined and normalized to the
edge jump using programs developed at the University of Wash-
ington. ATHENA and ARTEMIS software was used to process the
spectra through a multi-step data analysis procedure that included
background subtraction and Fourier transformation. Chromium
(III)–phosphate hydrate (Sigma–Aldrich, MO) was used to obtain
fitting parameters for Cr in the bacterial sample.

3. Results

3.1. EPS biochemical characteristics

The biochemical composition of EPSs analyzed shows variations
from one strain to another (Supporting information, Table S1). The
carbohydrates were the major components of all EPSs investigated
with contents ranging from 276 to 706 mg g�1. A study by Freitas
et al. (2010) shows that the EPS isolated from Pseudomonas oleovo-
rans NRRL B-14682 is a high molecular weight heteropolysaccha-
ride, composed of neutral sugars (e.g., galactose, glucose,
mannose and rhamnpse). Similarly, Hung et al. (2005) found that
the EPS extracted from Pseudomonas fluorescens Biovar II strain
contained neutral sugars such as galactose, glucose, ribose, man-
nose, arabinose and fucose. The protein contents of EPSs ranged
from 107 to 244 mg g�1 depending on the type of EPS analyzed.
Despite the major differences in total carbohydrate and protein
contents, all EPSs contained nearly equal concentrations of uronic
acids and phosphorus (Table S1, Supporting information). Hung
et al. (2005) found that up to 70% of total carbohydrates in EPS iso-
lated from P. fluorescens Biovar II were uronic acids.

3.2. Simulation of EPS potentiometric titration data

A non-electrostatic discrete ligand approach was used to de-
scribe acid–base characteristics of EPSs, isolated from P. putida, P.
aeruginosa and P. stutzeri. This approach has been previously ap-
plied to simulate proton binding to other environmental ligands
including humic substances (Westall et al., 1995) and alginic acid
(Cetin et al., 2009). In this approach, the basic constraint equations
for evaluating the titration data are the proton balance:

Tcalc
H ¼ ½Hþ� � ½OH�� �

X
½L�i � �

X
½NaLi� ð4Þ

and the mass balance for ligand, i:
THLðiÞ ¼ ½HLi� þ ½L�i � þ ½NaLi� ð5Þ

The experimental value of TH (i.e., Texp
H ) is evaluated as follows:

Texp
H ¼ Ca � Cb þ To

H ¼ DTH þ DTo
H ð6Þ

where Ca and Cb represent the total concentrations of acid and base
added to the system, and To

H represents the molar concentration of
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strong acid or base initially present. Detailed information on the
analysis of titration data by non-electrostatic discrete ligand models
can be found elsewhere (e.g., Westall et al., 1995; Kantar and
Honeyman, 2005; Harper et al., 2008).

Fig. 1 shows the results of the potentiometric titrations of EPS at
ionic strengths of 0.01 and 0.1 M NaCl. The results suggest that
microbial EPSs are negatively charged under a wide pH range
(pH > 3) due to the deprotonation of functional groups such as car-
boxylic groups. The analysis of titration data given in Fig. 1 with
the discrete ligand approach suggests that the accurate description
of acid/base characteristics of EPSs can be accomplished using four
different monoprotic ligands (HL1, HL2, HL3 and HL4) with
arbitrarily selected pKa values of 4, 6, 8 and 10, respectively. The
-4 -3 -2 -1
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Fig. 1. Acid–base titrations of EPS in 0.01 and 0.1 M NaCl. (A) P. aeruginosa P16
(397.5 mg L�1), (B) P. putida P18 (385 mg L�1), and (C) P. stutzeri P40 (325 mg L�1).
Experimental and model fit values of total acid or base added (meq L�1) are plotted
vs. pH. Model fits represent the discrete ligand, non-electrostatic approach.
concentration of each of these individual functional groups can
be obtained by simultaneously fitting the titration data for each
ionic strength as given in Fig. 1. Table 1 shows the adjustable
parameters with their optimized values. Here, the goal was a par-
simonious model fit to the data to derive a model with a minimum
number of discrete ligands to accurately describe acid–base prop-
erties of EPS under a wide range of experimental conditions.
3.3. Simulation of ion-exchange data for Cr(III)–EPS complexation

Once the acid/base characteristics of EPSs were established, the
second step in modeling was to simulate Cr binding by EPS through
optimization of the results of the ion-exchange experiments at
Cr(III)T = 1.0 � 10�5 M, I = 0.01 M NaCl and pH = 4. Fig. 2 shows
the results of ion-exchange experiments for Cr(III)–EPS system
plotted in terms of Cr(III) sorbed to resin (M) vs. EPS concentration
(meq L�1). The simulations contain all possible hydrolysis reac-
tions for chromium (Table 2), the acid–base reactions for each of
Table 1
Acid/base EPS reactions.

Reaction THLi (mmol g�1)a Log K (I = 0)

P. stutzeri P40b

HL1 ¼ L�1 þ Hþ 0.546 ± 0.012 �4

HL2 ¼ L�2 þ Hþ 0.538 ± 0.009 �6

HL3 ¼ L�3 þ Hþ 0.122 ± 0.011 �8

HL4 ¼ L�4 þ Hþ 0.592 ± 0.016 �10

L�i þ Naþ ¼ NaLi 1.195
P.putida P18c

HL1 ¼ L�1 þ Hþ 0.959 ± 0.016 �4

HL2 ¼ L�2 þ Hþ 0.715 ± 0.009 �6

HL3 ¼ L�3 þ Hþ 0.356 ± 0.013 �8

HL4 ¼ L�4 þ Hþ 0.626 ± 0.016 �10

L�i þ Naþ ¼ NaLi 1.006
P. aeruginosa P16d

HL1 ¼ L�1 þ Hþ 0.773 ± 0.011 �4

HL2 ¼ L�2 þ Hþ 0.673 ± 0.008 �6

HL3 ¼ L�3 þ Hþ 0.380 ± 0.012 �8

HL4 ¼ L�4 þ Hþ 0.254 ± 0.017 �10

L�i þ Naþ ¼ NaLi 0.727

a Determined from FITEQL simulation of titration data given in Fig. 1 A,B,C.
b Total HL(i) = 1.798 ± 0.012 mmol g�1; To

H = 277 lM.
c Total HL(i) = 2.656 ± 0.014 mmol g�1; To

H = �23.17 lM.
d Total HL(i) = 2.080 ± 0.012 mmol g�1; To

H = 131 lM.

Fig. 2. FITEQL model representation of Cr(III)–EPS binding ion-exchange data
plotted as the concentration of chromium bound to the resin (M) vs. EPS
concentration (meq L�1). The EPS concentrations were converted from mg L�1 to
meq L�1 using total EPS concentrations (THL(i)) of 1.798, 2.656 and 2.08 mmol g�1

for P. stutzeri P40, P. putida P18, and P. aeruginosa P16, respectively (Table 2). The
solid lines represent the model fit to reactions given in Table 3 using the discrete
ligand approach.



Table 2
Chromium (III) hydrolysis reactions.

Reaction Log K (I = 0) Reference

Cr3þ þH2O ¼ CrðOHÞ2þ þHþ �3.486 Cetin et al. (2009)

Cr3þ þ 2H2O ¼ CrðOHÞþ2 þ 2Hþ �10.4 Pettit and Powell (1995)

Cr3þ þ 3H2O ¼ CrðOHÞ3 þ 3Hþ �18.7 Pettit and Powell (1995)

Cr3þ þ 4H2O ¼ CrðOHÞ�4 þ 4Hþ �27.8 Pettit and Powell (1995)
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EPS ligands shown in Table 1 and the Cr-resin ion exchange reac-
tion given below:

Na3R þ Cr3þ ¼ CrR þ 3Naþ KCrR ¼
½Naþ�3½CrR�
½Na3R�½Cr3þ�

ð7Þ

where R represents the negatively charged network of the cation
exchanger. In our previous study, Cetin et al. (2009) determined
the value of equilibrium constant (Log KCrR = �1.888) for Reaction
(7) by simulating the ion-exchange data for Cr sorption to resin con-
ducted at pHs 3 and 4, and an ionic strength of 0.01 M NaCl. Here,
resin site concentrations were converted from g L�1 to mol L�1

based on a resin exchange capacity of 5.01 mmol g�1, as estimated
by Cetin et al. (2009).

A systematic evaluation of complexes between the model li-
gands (HL1, HL2 HL3 and HL4) and the dominant Cr(III) species such
as Cr3+ and CrOH2+ was performed, invoking the formation of 1:1
and 1:2 complexes between Cr(III) and two of the same ligand
and/or two different ligands. The binding of Cr(III) to HL1 was
examined first, followed by Cr(III) binding to each of the next three
ligands. Using mass balance and mass action constraints imposed
by the chemical equilibrium model, FITEQL adjusts the binding
constant for the postulated complexation reaction(s) until the dif-
ference between calculated results and experimental data is mini-
mized. In our simulations, the goodness of fit was checked by
WSOS/DF (weighted sum of squares/degrees of freedom). Simula-
tions of Cr(III) binding to HL1 and HL2 simultaneously, followed
by HL1 and HL3 simultaneously, etc., were performed and the fit
statistics were noted. The best fit to the experimental ion-exchange
data with FITEQL was obtained by postulating a 1:1 complex be-
tween HL2 and Cr(III) for P. putida P18 EPS, a 1:1 complex between
HL3 and Cr(III) for P. stutzeri P40 EPS, and a 1:2 complex between
HL2 and Cr(III) for P. aeruginosa P16 EPS. The conditional stability
constants for the complexation reactions are presented in Table
3, and the simulation fits are shown in Fig. 2. The errors estimated
on the stability constants include propagated uncertainties based
on 2r errors in Cr analysis (±2%) and pH measurements (±0.01
pH units) (Cetin et al., 2009). A detailed explanation of error esti-
mates can be found in Herbelin and Westall (1999).

4. Discussion

Remediation of subsurface systems contaminated with Cr(VI)
can be accomplished through microbial reduction of Cr(VI) by
some bacteria e.g., Pseudomonas. Chromium (VI) reduced by
Table 3
Formation constants for Cr(III)–EPS complexes.

EPS Reaction Log K (I = 0)a WSOS/
DF

P. aeruginosa
P16

Cr3þ þ 2HL2 ¼ CrðL2Þþ2 þ 2Hþ 1.199 ± 0.058b 0.527

P. putida P18 Cr3þ þHL2 ¼ CrðL2Þ2þ þHþ 1.225 ± 0.029b 2.054

P. stutzeri P40 Cr3þ þHL3 ¼ CrðL3Þ2þ þHþ 1.994 ± 0.045b 0.247

a Errors on stability constants include propagated uncertainties based on 2r
errors in Cr analysis (±2 %) and pH measurements (±0.01 pH units).

b Determined from FITEQL simulation of ion-exchange data given in Fig. 2 using
the discrete ligand approach.
bacteria usually exists as Cr(III) as indicated by X-ray Near Edge
Spectroscopy (XANES) analysis given in Fig. S1 (Supporting infor-
mation). The results also show that a portion of chromium reduced
was retained by the cell wall. However, it is known that toxic sub-
stances such as Cr(VI) may stimulate the release of exopolymeric
substances (EPS) from bacteria during microbial Cr(VI) reduction
(Kilic and Donmez, 2008). The release of such complexing ligands
may lead to the mobilization of chromium in subsurface environ-
ment due to the formation of highly soluble and less sorbing Cr-li-
gand complexes (Kantar et al., 2010). Despite the fact that EPS is
ubiquitous in natural and engineered systems (Guibaud et al.,
2005; Guibaud et al., 2008), their role on Cr(III) speciation, solubil-
ity and transport behavior is not clearly established in the
literature.

Table 1 shows that a minimum of four different monoprotic li-
gands was required to accurately describe the acid–base behavior
of EPSs isolated from P. putida, P. aeruginosa and P. stutzeri. This indi-
cates that there are multiple functional groups in all EPSs analyzed.
The four ligands invoked, HL1, HL2, HL3 and HL4 with pKa values of 4,
6, 8 and 10, respectively can operationally be defined as carboxyl
(HL1), phosphoric/carboxyl (HL2), phosphoric (HL3) and hydroxyl/
amin/phenolic (HL4) based on their pKa values. Liu and Fang
(2002) reported on the electrostatic characteristics of binding sites
of microbial EPS, and their results indicate presence of carboxylic
groups at pKa values of 4.4–4.8; carboxylic/phosphoric groups at a
pKa value of 6; phosphoric groups at pKa values of 7.0–7.4 and hy-
droxyl groups at a pKa of 11. Similarly, Harper et al. (2008) found
that the EPSs isolated from P. fluorescens, Clostridium sp. and S. putre-
faciens exhibited similar polyprolytic behavior with pKa values
ranging from 4 to 8. Guibaud et al. (2005) found that the EPS pro-
duced from axenic culture bacterial cells were accurately described
using only two apparent pKa values from 6.8 to 10.1. Similar func-
tional groups can also be found on bacterial cell walls. For example,
using a surface complexation model, Fein et al. (1997) observed that
the acid/base properties of the cell wall of Bacillus subtilis were best
described by invoking three distinct types of surface acid functional
groups with pKa values of 4.82, 6.9 and 9.4.

The distribution of the ligands as a function of their pKa values is
shown in Fig. S2 (Supporting information). The total concentration
of functional groups in EPS (total HLi) decreases in the order of P.
putida P18 (2.656 mmol g�1) > P. aeruginosa P16 (2.080
mmol g�1) > P. stutzeri P40. (1.798 mmol g�1) (Table 1). These are
in the range reported for the EPSs extracted from bacteria in the lit-
erature. For example, Guibaud et al. (2005) observed that the EPS
isolated from pure bacteria strains displayed multifunctional
behavior with proton exchange capacities ranging from 1.7 to
3.5 mmol g�1 depending on the type of bacterial culture. Similarly,
using a Donnan electrostatic approach, Lamelas et al. (2006) esti-
mated a total functional group concentration of 2.51 mmol g�1 for
the EPS extracted from Rhizobium meliloti. As shown in Fig. S2 (Sup-
porting information), carboxylic groups (HL1 and HL2) are the main
functional groups of all EPSs analyzed. This result is in good agree-
ment with the EPS components as given in Table S1 (Supporting
information). As indicated by Liu and Fang (2002), the carboxylic
groups can be found in EPS components such as protein, uronic acid
and amino sugars. The EPSs extracted from P. aeruginosa P16 and
P. putida P18 contain much higher phosphoric acid sites (HL3) com-
pared to the EPS isolated from P. stutzeri P40. This coincides well
with the measured P contents of EPSs (Supporting information,
Table S1). The phosphoric sites are usually associated with the nu-
cleic acids in EPS (Liu and Fang, 2002). Fig. S2 also provides a com-
parison of microbial EPSs with humic substances e.g., humic acid.
Although microbial EPSs contain multiple functional ranging from
carboxylic to phosphoric sites, they are less complex, and contain
fewer functional groups than fulvic and humic acids, as also sug-
gested by Lamelas et al. (2006) and Harper et al. (2008).
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The analysis of ion-exchange data using the discrete ligand ap-
proach suggests that the carboxylic and phosphoric sites are the
primary binding sites for Cr(III) under the experimental conditions
studied (e.g., pH 4). While chromium (III) strongly complexes with
the HL2 sites (pKa 6) from the EPSs extracted from P. putida P18 and
P. aeruginosa P16, Cr(III) forms a 1:1 Cr-ligand complex with HL3

sites (pKa 8) from the EPS isolated from P. stutzeri P40, indicating
the phosphoric sites solely play a major role in Cr complexation.
The EXAFS analysis performed in the current study provides fur-
ther evidence on Cr(III)–EPS complexation. For example, the EXAFS
results of the fitting for Cr(III)–phosphate and Cr associated with P.
stutzeri P40 EPS are presented in Fig. 3 and Table S2 (Supporting
information). The fitting parameters for Cr(III) phosphate indicate
there are 5.7 ± 0.7 O atoms surrounding the octahedral Cr at
1.97 ± 0.01 Å. There are also 4.0 ± 1.3 P atoms at a distance of
3.11 ± 0.5 Å, indicating they are present as phosphate form with
the Cr. The Cr associated P. stutzeri EPS had 6.0 ± 1.1 O atoms in
the Cr inner sphere and 3.8 ± 1.6 P atoms at 3.08 ± 0.04 Å, confirm-
ing the predictions of the discrete ligand model that the Cr is asso-
ciated with the P40 EPS as Cr(III)–phosphate. These results also
agree well with the literature data. For instance, studies by Gui-
baud et al. (2006) and Lamelas et al. (2006) show that carboxylic
and phosphoric groups were the primary functional groups for
complexation with metal ions e.g., Cd2+. Similarly, studies per-
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Fig. 3. The fitted k2-weighted (2.5–12.5 Å) (A) and Fourier transformed spectra (B)
showing association of Cr(III)–phosphate and Cr(III) with P. stutzeri P40 EPS.
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formed with native (EPS-covered) and EPS-free bacterial cell walls
indicate that similar functional groups are involved in metal ion
complexation (Boyanov et al., 2003). In an EXAFS study with Bacil-
lus licheniformis S-86, Tourney et al. (2009) found that Zn complex-
ation to both native and EPS-free cells was predominantly to
carboxyl (pKa 5.3–5.4) and phosphate (pKa 7.4–7.5) functional
groups. Fein et al. (1997) observed that both the carboxylic and
phosphate sites contributed to metal uptake by the cell walls of
B. subtilis through the formation of 1:1 Cd-surface complexes be-
tween Cd2+ and deprotonated surface functional groups (e.g., R–
PO–Cd+). The data obtained by Fowle et al. (2000), on the other
hand, show that modeling U sorption by the cell walls of B. subtilis
requires two separate reactions, with the uranyl ion forming sur-
face complexes with the neutral phosphate functional groups (R–
POH–UO2þ

2 ) and the deprotonated carboxyl functional groups (R–
COO–UOþ2 ) of the bacterial cell wall.

An interesting aspect of modeling is that the affinity of EPS for
interacting with the background electrolyte ion (Na+) decreases
in the order of P. stutzeri P40 (Log KNa = 1.195) > P. putida P18
(Log KNa = 1.006) > P. aeruginosa P16 (Log KNa = 0.727) (Table 1),
as was the case with Cr(III) binding data (Fig. 2). This indicates that
microbial EPS may complex with metal ions in a similar fashion.
Note that a single KNa(i) was used to account for the effect of ionic
strength on Cr binding to EPS based on the assumption that all EPS
functional groups interact with background ions similarly as also
indicated by Westall et al. (1995). Westall et al. (1995) have inves-
tigated the complexation of Co(II) with leonardite humic acid
(LHA), and found that the deprotonated LHA sites were predomi-
nantly sodium bound at 0.1 M Na+ concentration in solution.

4.1. Environmental implications

The microbial EPS released by bacteria during microbial Cr(VI)
reduction may strongly complex with chromium (III) depending
on the environmental conditions (e.g., pH). The formation of such
Cr-organic ligand complexes may have a pronounced impact on
Cr speciation, solubility, sorption and transport behavior in subsur-
face systems. For example, Fig. 4 shows the influence of 50 mg L�1

P. aeruginosa P16 EPS on 10�5 M Cr(III) speciation as a function of
pH. Note that Cr(III) speciation is dominated by the Cr–EPS com-
plex under a wide pH range.

5. Conclusions

The conditional stability constants for Cr(III) complexing with
EPS, isolated from P. putida P18, P. aeruginosa P16 and P. stutzeri
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(PCO2 = 10�3.5 atm) as a function of pH, including the Cr-P16 EPS complex for
Cr(III)T = 10�5 M and P. aeruginosa P16 EPS = 50 mg L�1. The equilibrium constants
for Cr hydrolysis are from Table 2.
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P40 cultures, were determined at pH 4 and an ionic strength of
0.01 M NaCl using an ion-exchange technique and potentiometric
titrations. Spectroscopic techniques (EXAFS) were also used to
evaluate the nature of Cr binding by EPS. The data from ion-ex-
change experiments and potentiometric titrations were analyzed
using a non-electrostatic discrete ligand approach in FITEQL. The
analysis of titration data with the discrete ligand model shows that
the acid–base characteristics of the three microbially produced
EPSs can be adequately described by invoking four different
monoprotic acid functional groups with arbitrarily assigned pKa

values of 4, 6, 8 and 10. Despite the similarities in functional
groups, the total concentration of functional groups in EPS (total
HLi) decreases in the order of P. putida P18 (2.656 mmol g�1) > P.
aeruginosa P16 (2.080 mmol g�1) > P. stutzeri P40. (1.798 mmol
g�1), indicating that the functional group composition may vary
from one strain to another.

The analysis of ion-exchange data with the discrete ligand mod-
el suggests that the Cr(III) binding by EPS isolated from P. putida
P18 and P. stutzeri P40 can be described based on a reaction stoichi-
ometry of 1:1 Cr(III)-ligand complexes. However, the accurate
description of Cr binding by EPS from P. aeruginosa P16 requires
postulation of a 1:2 complex between Cr(III) and EPS ligands under
the experimental conditions studied (e.g., pH 4). The results also
show that only the pKa 6 (L2) and 8 (L3) ligands are sufficient to
accurately simulate the Cr(III)/EPS binding. This implies that the
carboxyl and/or phosphoric acid groups in EPS are the primary
binding sites for complexing with Cr(III) under the experimental
conditions examined (e.g., pH 4). The EXAFS analysis provides fur-
ther evidence that the EPSs isolated from bacteria e.g., P. stutzeri
complex with Cr(III) through phosphate sites.
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