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Abstract

Extracellular polymeric substances (EPS) are heterogeneous biopolymers produced by Gram-negative and Gram-positive bacterial
cells. Adsorption of EPS to minerals can alter the substrata physico-chemistry and influence initial bacterial adhesion processes via con-
ditioning film formation, but the effects of solution chemistry on uptake of EPS remain poorly understood. In this study, the adsorption
to goethite (a-FeOOH) of EPS isolated from the early stationary growth-phase culture of Bacillus subtilis was investigated as a function
of pH and ionic strength (I) in NaCl background electrolyte using batch studies coupled with Fourier transform infrared spectroscopy
and size-exclusion high-performance liquid chromatography. Proteins, particularly those of higher molar mass, and phosphorylated
macromolecules were adsorbed preferentially. Increasing solution I (1–100 mM NaCl) or pH (3.0–9.0) resulted in a decrease in the mass
of EPS adsorbed. Batch studies and diffuse reflectance infrared Fourier transform spectra are consistent with ligand exchange of EPS
phosphate groups for surface hydroxyls at Fe metal centers. The data indicate that both electrostatic and chemical bonding interactions
contribute to selective fractionation of the EPS solution. Proteins and phosphate groups in phosphodiester bridges of nucleic acids likely
play an important role in conditioning film formation at Fe oxide surfaces.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Continuous production of biomolecular organic matter
results from the growth and metabolism of numerous
Gram-negative and Gram-positive bacteria that exude
extracellular polymeric substances (EPS) into their envi-
ronment. These EPS are bound to the cell surface (‘‘capsu-
lar’’), released into solution (‘‘free’’) or associated with the
hydrated matrix of biofilms (Wingender et al., 1999). In
natural aqueous environments, pristine mineral surfaces
become coated rapidly by biogenic organic films (Bos
et al., 1999). The formation of these ‘‘conditioning films,’’
which often precedes biofilm development (Charaklis,
1990), can influence the migration and adhesion of bacte-
rial cells in porous media by altering the surface chemistry
of underlying substrate (Schneider et al., 1994). EPS are a
heterogeneous mixture composed dominantly of polysac-
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charides and proteins, with nucleic acids and lipids as min-
or constituents (Wingender et al., 1999; Omoike and
Chorover, 2004). The wide range in biomolecular composi-
tion, molar mass, polarity and charge, likely contributes to
a comparable diversity of bonded and non-bonded interac-
tions with natural particle surfaces. EPS contain weakly
acidic functionalities that ionize in response to changes in
environmental pH or ionic strength and this likely affects
their environmental fate. For example, EPS isolated from
the early stationary growth-phase culture of Bacillus subtil-
is—a prevalent Gram-positive soil bacteria—contain car-
boxyl, phosphoryl, amide, amino and hydroxyl
functionalities (Omoike and Chorover, 2004). These C-,
N- and P-containing moieties may interact covalently or
via Coulombic or van der Waals association with hydrox-
ylated mineral surfaces whose charge and reactivity is also
dependent on solution chemistry.

Surficial conditioning of substrata by exuded EPS is well
documented (e.g., Neu, 1996; Bradshaw et al., 1997; Gub-
ner and Beech, 2000), and it has been variously suggested
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that bacterial cell adhesion is mediated initially by protein-
aceous (Schakenraad and Busscher, 1989; An and Fried-
man, 1998) or carbohydrate constituents (Davies et al.,
1993; Scharfman et al., 1999). Whereas EPS molecules cer-
tainly contribute to conditioning film formation on mineral
surfaces, the sorptive fractionation patterns and surface
adhesion mechanism(s) remain poorly understood. We
have previously observed ligand exchange of B. subtilis

EPS phosphate groups at mineral surface hydroxyls
in situ by attenuated total reflectance (ATR) Fourier trans-
form infrared (FTIR) spectroscopy (Omoike et al., 2004).
However, the extent to which this surface complexation
reaction influences solid-aqueous phase partitioning of var-
ious biomacromolecules is not known.Further, the influence
of important aqueous geochemical parameters on the
molecular fractionation of EPS has not been studied
systematically. In the present work, we investigated the
adsorption of EPS isolated from the culture media of
B. subtilis on goethite as a function of pH and ionic strength
(I) using both macroscopic and spectroscopic techniques.

2. Experimental method

2.1. Materials

All chemicals and reagents were analytical grade and
used as received. All solutions and suspensions were pre-
pared using ultra pure (Milli-Q UV-plus) water.

2.2. Mineral adsorbent

Goethite was synthesized by neutralization of a 0.15 M
Fe(NO3)3 solution in a high-density polyethylene bottle
according to the method of Atkinson et al. (1967). The pre-
cipitate was washed several times with 1 mM HCl until the
wash supernatant solution was pH 4, rinsed with ultra pure
water until the conductivity of washings was the same as
that of the input water, and then freeze-dried. X-ray dif-
fraction and FTIR analysis of the freeze-dried precipitate
indicated only a-FeOOH; no other solids were detected.
The specific surface area of the goethite, determined by
N2 BET adsorption, was 44.4 m2 g�1.

2.3. Bacterial cell cultivation, EPS isolation and purification

Bacillus subtilis (ATCC 7003) was cultivated aerobically
in Luria broth (5.0 g L�1 yeast extract, 10.0 g L�1 tryptone
and 5.0 g L�1 NaCl) at 30 �C and 150 rpm (orbital shaker)
to early stationary (24 h) growth phase. The cells were re-
moved from the culture solution by centrifugation (5000
relative centrifugal force—RCF, 15 min, 4 �C) and the
supernatant solution was then centrifuged at higher force
(12,000 RCF, 30 min, 4 �C) to remove residual entrained
cells. EPS was precipitated from the supernatant solution
by adding cold reagent-grade ethanol to the supernatant
solution at a volumetric ratio of 3:1, and the mixture was
then stored at �20 �C for 18 h (de Brouwer et al., 2002).
The precipitate was separated from the ethanol suspension
by centrifugation (12,000 RCF, 30 min and 4 �C). The pel-
let obtained after centrifugation was dialyzed against Milli-
Q water using Spectra/Por 7 regenerated cellulose (RC)
membranes (1000 MWCO from Spectrum) to remove low
molecular weight impurities including ethanol. After dialy-
sis for 72 h against two changes of Milli-Q water per day,
the EPS solution was freeze-dried.

2.4. Adsorption experiments

Adsorption envelope (variable pH) and isotherm (vari-
able [EPS]) experiments were conducted at 296 K for 6 h
equilibration time in batch mode using 50 mL Teflon cen-
trifuge tubes as reaction vessels. EPS (0.4 g kg�1 C) and
goethite (25.0 g kg�1 a-FeOOH) stock suspensions were
prepared using N2 degassed background NaCl electrolyte
solutions at I of 1, 10 and 100 mM. The pH was adjusted
to desired values using 0.01 M HCl or 0.01 M NaOH solu-
tion. Stock suspensions were allowed to pre-equilibrate
overnight prior to adsorption experiments.

2.4.1. Adsorption envelopes

EPS adsorption envelope studies were conducted in
10 mM NaCl at pH values of 3.0–9.0. Stock goethite sus-
pensions, EPS solutions and background electrolyte solu-
tions were each prepared at initial pH values of 3.0, 4.5,
6.0 and 9.0. Stock EPS and background electrolyte solu-
tions at the chosen pH were added to centrifuge tubes that
were then capped and the contents mixed by inversion. Ali-
quots of the goethite stock suspensions were added to each
tube to initiate the adsorption reaction at the desired initial
pH. Suspension EPS and goethite concentrations in the
reaction vessels were 140 mg kg�1 C and 5 g kg�1 a-FeO-
OH, respectively. All suspensions were duplicated and
EPS blanks (no goethite) were included as controls for each
pH. The suspensions were rotated end-over-end at 7 rpm
for 6 h. (Preliminary kinetic studies indicated no significant
change after 4 h.) The suspensions were then centrifuged
(21,875 RCF, 30 min, 296 K), the supernatant solutions
were decanted into glass vials, and solution pH was deter-
mined immediately. The amount of EPS sorbed to goethite
was measured on the basis of organic C, N and P concen-
tration depletion in the aqueous phase relative to the min-
eral-free blank. Aliquots of supernatant solution were
employed for chromatographic (see Section 2.6) and spec-
troscopic (see Section 2.7) analyses. The solid phase was
freeze-dried prior to spectroscopic analysis.

2.4.2. Adsorption isotherm studies

Aliquots of EPS stock solution at pH 6.0 and 1, 10 or
100 mM NaCl were transferred into centrifuge tubes and
mixed with background electrolyte solution (1, 10 or
100 mM NaCl; pH 6.0) to obtain a total mass of 24.0 g
of solution with EPS-C concentrations ranging from 0 to
186 mg L�1. These solutions were then mixed with aliquots
of goethite suspension, pre-equilibrated at pH 6.0 at the
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chosen I, to obtain a total suspension mass of 30.0 g and a
goethite concentration of 5.0 g L�1 in each reaction vessel.
After 6 h equilibration, solutions and solids were separated
by centrifugation prior to analysis, as in the adsorption
edge experiments.

The batch adsorption data were fitted to the Langmuir
isotherm equation

Ce ¼
KCmaxCe

1þ KCe

; ð1Þ

whereCe is the aqueous phase EPS concentration (C, N or P
basis) after 6 h equilibration time, Ce is the adsorbed mass
(C, N or P basis), Cmax is the maximum adsorbed mass and
K is an empirical affinity constant. Langmuir parameters
are employed here solely as empirical tools to provide com-
parative measures of surface affinity and isotherm shape.

2.5. Chemical analysis

Measurements of pH were made using an Orion Ross
semi-micro combination glass electrode and a Symphony
bench top pH/ISE/conductivity (VWR, SR601C)meter, cal-
ibrated with standard buffer solutions. Aliquots of blank
and suspension supernatant solutions were acidified with
HCl to pH 2. The total organic C and N concentrations in
the acidified samples were determined by high temperature
combustion and infrared detection of CO2 and NO using a
Shimadzu TOC-V CSH TOC/TN analyzer (Columbia,
MD). Calibration standards for C and N analysis were pre-
pared from oven-dried potassium hydrogen phthalate
[(HO2C)2(COOK)- C6H4] and potassium nitrate (KNO3),
respectively. Soluble P and Fe were measured by inductively
coupled plasma mass spectrometer (ICP-MS, Perkin-Elmer
DRC-2, SCIEX Instruments, Concord, Ontario, Canada).
The linear calibration range for 31P and 54Fe was 0.1–1000
and 0.1–500 lg L�1, respectively. Detection limits were
0.112 lg L�1 for P and 0.879 lg L�1 for Fe.

2.6. Size-exclusion high-performance liquid chromatography

Size-exclusion high-performance liquid chromatography
(SE-HPLC) analysis of EPS was conducted on blank and
suspension supernatant solutions using a Waters HPLC
unit equipped with a 600 pump, a 717 plus auto sampler
and 996 photodiode array (PDA) and 410 differential
refractometer (refractive index, RI) detectors in series
(Omoike and Chorover, 2004). Whereas PDA detects elu-
tion of UV-absorbing molecules (proteins and nucleic
acids), the RI detector gives information on all macromo-
lecular constituents that alter the refractive index of the
mobile phase (inclusive of proteins, nucleic acids and poly-
saccharides). Thus, comparison of RI and PDA chromato-
grams facilitates peak assignment to dominantly protein
versus polysaccharide groups. Separations were carried
out in two stainless-steel (8 · 300 mm) size exclusion chro-
matography (SEC) columns (HEMA Bio 100 and 1000 Å,
PSS Polymer Standards-USA, Silver Spring, MD), fitted
with a guard column and connected in series to enable sep-
aration across the full size range of EPS. The mobile phase
was a NaCl solution matching the ionic strength and pH of
each corresponding adsorption experiment. The columns
were calibrated using pullulan standards (2.0 mg mL�1)
of nominal molar mass 12.2, 48.0, 212, 380 and 863 kDa,
and polydispersity values less than 1.2 (Polymer Laborato-
ries, Silver Spring MD, US). Monomeric glucose was em-
ployed as a low molar mass (276 Da) standard. The
injection volume and flow rate for all samples and stan-
dards were 100 lL and 1.0 mL min�1, respectively. The
Empower software program (Waters, Medford, MA) was
used to determine peak area, and height, as well as
weight—(Mw) and number—(Mn) averaged molar mass
values. Mw and Mn were calculated according to:

Mw ¼
XN
i¼1

hiðMiÞ
,XN

i¼1

hi; ð2Þ

Mn ¼
XN
i¼1

hi

,XN
i¼1

ðhi=MiÞ; ð3Þ

where hi and Mi are the height and molar mass, respective-
ly, of the sample SE-HPLC curve at elution volume i.

2.7. FTIR spectroscopy

A Magna-IR 560 Nicolet spectrometer equipped with a
CsI beam splitter, DTGS-detector and OMNIC processing
software was used to record all spectra. For each sample,
350–400 scans were collected over the spectral range of
400–4000 cm�1 at a resolution of 4 cm�1. Aliquots of
100–1200 lL of supernatant solution were transferred onto
IR transmissive Ge windows, dried under vacuum for 19 h,
and spectra of EPS films were collected in transmission
mode. Spectra of the freeze-dried solid phase were collected
in diffuse reflectance (DRIFT) mode using a SpectraTech
DRIFT accessory after gently mixing 10 mg of solid with
300 mg of IR grade KBr powder. Samples were then
packed into in a stainless steel cup and scanned using pure
KBr as background.

3. Results

The purified EPS isolated from B. subtilis was composed
of 413, 80 and 30 g kg�1 of carbon (EPS-C), nitrogen (EPS-
N) and phosphorus (EPS-P), respectively. Protein and
polysaccharide constituents dominate the EPS mass and
occur at similar mass concentrations (Omoike and Chor-
over, 2004). Adsorption of EPS to Teflon tubes was negli-
gible; recoveries of C, N and P from mineral-free controls
were quantitative (>97%).

3.1. pH dependent adsorption of EPS-C, -N and -P

Themass fraction of goethite-adsorbed EPS-C, -N and -P
decreases with increasing solution pH in 10 mM NaCl
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(Fig. 1A). The fraction of P adsorbed exceeds that of both N
and C at pH 3.2–7.5. At pH 3.2, the mean adsorbed quanti-
ties of EPS-C, -N and -P amount to 399 (±6), 87 (±2) and
40.3 (±0.2) lg m�2, respectively. At pH 7.5, adsorbed C
and N are 205 (±4), and 47.1 (±0.7) lg m�2, respectively.
As pH increases to 9.0 the fraction of adsorbed C exceeds
that of N and P. Distribution coefficients (Kd) calculated
for C, N and P as a function of solution pH illustrate the
strong preferential adsorption of P-containing moieties at
low pH and the steep decline in selective EPS-P uptake with
increasing pH (Fig. 1B). The Kd values for EPS-N and -C
show less pH dependence, and at pH 9.1 the values are not
different from those for EPS-P.

3.2. Effects of ionic strength (I)

The influence of I on EPS adsorption to goethite was
investigated by measuring EPS adsorption isotherms in 1,
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Fig. 1. (A) Bacillus subtilis EPS adsorption to goethite as a function of
pH, (B) Variation in Kd values of EPS constituents measured on the basis
of carbon, nitrogen and phosphorus as a function of solution pH.
Adsorption reaction was conducted at EPS-C concentration of
140 mg L�1 in 10 mM NaCl electrolyte solution, T = 23 ± 2 �C and 6 h.
10 and 100 mM NaCl background electrolyte solutions at
pH 6.0. Adsorption isotherms plotted for EPS-C, -N and
-P all show a decrease in EPS adsorption with increasing
I (Figs. 2A–C). The experimental data obtained for these
curves were fitted to the linear form of Eq. (1), with K

and Cmax values determined from linear regression (Table
1). In the case of C and N, a good fit was generated
throughout the concentration range using a single set of
Langmuir parameters. In contrast, a two-term series of
Langmuir equations (Sposito, 1984) was required to fit
the full range of P adsorption data. The first equation
(denoted by P1 in Table 1), comprising high K and low
Cmax, captures the high P adsorption at low aqueous con-
centration, whereas the second equation, with low K and
high Cmax (denoted by P2 in Table 1) describes adsorption
at higher loadings. Correlation coefficients (r2) [0.951–
0.997, 0.974–0.998 and 0.951–0.982 (p < 0.001) for EPS-
C, EPS-N and EPS-P, respectively] indicate that the Lang-
muir models provide good empirical fits to the data, and
they are plotted as lines in Fig. 2. Langmuir adsorption
maxima (Cmax) for EPS-N and EPS-P2 are found to de-
crease with increasing I, whereas the adsorption maxima
for EPS-P1 were unaffected. Cmax values for EPS-C showed
a decrease between 1 and 10 mM I and no significant effect
for I > 10 mM.

Distribution coefficient (Kd values), where Kd = C/Ce,
are plotted as a function of EPS-C concentration in
Fig. 3. The data show a strong preference for adsorption
of EPS-P relative to -N and -C, consistent with the much
higher Langmuir K values for EPS-P (P1) in Table 1. Kd

values for EPS-P are typically an order of magnitude
higher than those for EPS-C. Although Kd for EPS-N
and EPS-C are closer in value, preferential adsorption of
N-containing moieties is apparent, particularly at higher
[EPS]. Equilibrium solution pH increased from 6.0 to
>7.0, in proportion to the mass of EPS adsorbed (Fig. 4)
in the unbuffered suspensions.

3.3. Infrared spectra of adsorbed EPS

In the wavenumber region that is most useful for EPS
infrared spectroscopy studies (2000–700 cm�1), the DRIFT
spectrum of unreacted goethite (Fig. 5a) shows two high
frequency bands (1792 and 1662 cm�1) corresponding to
overtones of OH vibrations, and two low frequency bands
located at 895 and 795 cm�1 from Fe-OH in plane and out-
of-plane bending vibrations, respectively (Ruan et al.,
2001). DRIFT spectra of goethite after adsorption of
EPS (Figs. 5b–e) show peaks at 1522 cm�1 (amide II of
proteins) and a broad sequence of peaks at 1200–
950 cm�1 (stretching vibrations of phosphodiesters and
polysaccharides). A small band corresponding to symmet-
ric stretching of COO� groups is observed at 1406 cm�1

(ms COO�), which may derive from proteins and carboxyl-
ated polysaccharides.

Fig. 6 shows DRIFT spectra of unreacted EPS (Fig. 6a)
along with difference spectra of EPS adsorbed to the goe-
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thite surface (Figs. 6b–e). The difference spectra were ob-
tained by subtracting the goethite spectrum (Fig. 5a) from
those of the goethite–EPS complex (Figs. 5b–e) and, there-
fore, they show only those bands resulting from the sorbed
EPS. EPS spectral band assignments and associated refer-
ences are summarized in Table 2. Clearly apparent in spec-
tra of adsorbed EPS are the amide I (1680 cm�1) and amide
II (1520 cm�1) bands associated with proteins, the symmet-
ric stretching vibration of carboxylate (1406 cm�1), poly-
saccharide vibrations (1100 cm�1) and strong emergent
bands that we have assigned to asymmetric (1263 cm�1)
and symmetric (1067 cm�1) P@O stretching, O–P–O
stretching (993 cm�1), and P–O–Fe bonding (1153 and
1028 cm�1). It should be noted that the putative phosphate
bands exhibit some overlap with polysaccharide vibrations
(Table 2).

3.4. Transmission spectra of aqueous-phase EPS

Transmission spectra of bulk EPS are shown in Fig. 7a,
along with those of EPS remaining in solution following
reaction with goethite, i.e., sorption-fractionated aqueous-
phase EPS (Figs. 7b–d). The mass fractions of EPS re-
moved from solution (by adsorption to goethite) in Fig. 7
are (a) 0, (b) 0.19, (c) 0.32 and (d) 0.48. Thus, Figs. 7a–d
show the effects of an increasing extent of sorptive fraction-
ation on the composition of EPS moieties remaining in
solution. The spectra clearly show reduction in the intensi-
ties of amide (1800–1500 cm�1) relative to polysaccharide
vibrations (1250–950 cm�1) with increasing mass fraction
removed from solution. Loss of the intense 1078 cm�1

vibration of sugar phosphate moieties is also observed,
such that the broad and complex sugar phosphate/polysac-
charide band absorbance is manifest at lower wavenumber.

3.5. Size fractionation of EPS species due to adsorption on

goethite surface

The SE-HPLC unit was coupled to UV-photodiode ar-
ray (PDA) and refractive index (RI) detectors in series to
measure simultaneously UV-absorbing and non-UV-ab-
sorbing macromolecules in solution, before and after
adsorption reaction with goethite. The PDA (top) and RI
(bottom) chromatographic elution profiles of fractionated
EPS at the three I are compared in Figs. 8A–C. The
PDA data show chromophoric macromolecules (proteins
and nucleic acids) only, while RI profiles include these con-
stituents as well as non-chromophoric polysaccharides. The
RI profiles show two major peaks corresponding to large
(early elution) and small (late elution) macromolecules,
respectively. The broad peak with low retention time corre-
sponds with the only PDA signal, indicating that this peak
in both data sets represents UV-absorbing protein and
nucleic acid EPS constituents. The second peak at higher
retention time in RI chromatograms does not appear in
the PDA data and, therefore, reflects polysaccharide
constituents.

The strong PDA peak at 10.47 min in the 1 mM NaCl
supernatant (Fig. 8A) is absent in the UV profile of bulk
EPS and goethite (EPS-free) supernatant solutions and it



Table 1
Langmuir constants calculated on C, N and P bases for adsorption of EPS to goethite (95% confidence intervals shown in parentheses)

Ionic Strength (mM) Cm (lg m�2) K (L m�2)

C N P1 P2 C N P1 P2

1 315 (±9) 95 (±3) 24 (±4) 82 (±5) 0.126 (±0.031) 0.352 (±0.006) 302 (±12) 0.56 (±0.063)
10 161 (±4) 59 (±1) 28 (±5) 65 (±4) 0.458 (±0.003) 0.47 (±0.06) 327 (±24) 0.34 (±0.081)
100 172 (±18) 30 (±2) 25 (±5) 60 (±5) 0.03 (±0.01) 0.5 (±0.2) 64 (±8) 0.25 (±0.1)

A two-term series of Langmuir equations was best fit to the P adsorption data, yielding Cm and K parameters for low (P1) and high (P2) surface loadings,
respectively.
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is also not observed in the SE-HPLC profiles for the 10 and
100 mM supernatant solutions. ICP-MS (Fe) and UV–vis
analysis of the solutions from the 1 mM I systems revealed
that this 10.47 min peak results from micro-colloidal goe-
thite that is stabilized in suspension by EPS sorption at
low ionic strength. These suspended particles comprise less
than 1% of the initial goethite concentration. Two of the
100 mM RI profiles at lower EPS-C concentration (111
and 53 mg L�1) show negative peaks at an elution time of
21.3 min immediately following the positive polysaccharide
peaks. These system peaks are most likely the result of sol-
vent vacancy caused by sample injection, which is known
to alter the refractive index of the mobile phase (Slais
and Krejci, 1974; Shibukawa, 1995). Vacancy peaks were
observed consistently when low [EPS] (including unre-
acted) solutions were injected under conditions of high I

for SE-HPLC analysis (data not shown). The vacancy
peaks appear only in RI profiles because they reflect chang-
es in linear velocity between UV-transparent solvent and
EPS macromolecules in the column.

With increasing fraction of adsorbed EPS, the retention
times of PDA and RI protein peaks are both shifted to in-
creased retention time, indicating the preferential removal
from solution of high molecular weight EPS constituents.
To provide a semi-quantitative measure of changes in mean
molar mass resulting from adsorption, the RI data were
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Table 2
Band assignmentsa for DRIFT (Fig. 6) and transmission (Fig. 7) spectra of EPS before and after sorption to goethite

Vibration frequencies (cm�1) Band assignments

EPS (bulk) Goethite-sorbed EPS [0.309 (mg m�2 C)]

1660 1677 m C@O of amides associated with proteins (amide I)
1544 1516 d N–H and m C–N in –CO-NH– of proteins (amide II)
1449 1447 ds CH2, and d C–OH
1404 1406 ms C–O of COO� groups
1242 1263 mas P@O of phosphodiester backbone of nucleic acid (DNA and RNA); may also be due to

phosphorylated proteins
1153 m P–O–Fe

1127 1102 O–H deformation, m C–O, ring vibrations of polysaccharides
1078 1067 ms P@O of phosphodiester backbone of nucleic acid (DNA and RNA), C–O–C and C–O–P.

Also phosphorylated proteins and C–OH stretch.
1028 m P–O–Fe

920 993 Asymmetric ester O–P–O stretching modes from nucleic acids

ms, symmetric stretch; mas, asymmetric stretch; ds, symmetric deformation (bend); ds, symmetric deformation (bend).
a Band assignments from Fringeli and Günthard (1981), Tejedor-Tejedor and Anderson (1990), Zeroual et al. (1994), Persson et al. (1996), Naumann

et al. (1996), Barja et al. (1999), Gue et al. (2001), Sheals et al. (2002), Omoike and Chorover (2004), Omoike et al. (2004).
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Fig. 7. Transmission spectra of EPS solution films dried on an IR
transmissive (Ge) window. (a) Bulk EPS solution (no contact with
goethite), and (b–d) EPS equilibrium supernatant solutions after adsorp-
tion from solution of (b) 19%, (c) 32% and (d) 48% of EPS-C. Adsorption
reactions were conducted in 10 mM NaCl at pH 6.0.
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calibrated against pullulan standards for determination of
apparent weight-average and number-average molar mass-
es (Mw and Mn, respectively) of solution phase EPS as a
function of adsorbed fraction. As shown in Table 3, the
apparent Mn and Mw of sorption-fractionated EPS solu-
tions decrease with increasing fraction of EPS adsorbed
by goethite particles.

As indicated by comparison of the two principal RI
chromatogram peaks, the data also show a relative de-
crease in peak intensity for the early eluting ‘‘protein’’ peak
compared to the later eluting ‘‘polysaccharide’’ peak
(Fig. 8B). Fractionation of EPS because of preferential
protein adsorption was estimated from the ratio of peak
areas and heights for the protein and polysaccharide con-
stituents. The peak area and height ratios are reported as
the ‘‘fractionation indices’’, FA and FH, respectively (Table
4). All F values are found to decrease following reaction
with goethite, indicating the preferential adsorption of pro-
teinaceous relative to polysaccharide constituents. For the
100 mM I case, the vacancy peaks at 21.3 min for the
two lowest EPS-C concentrations (53 and 11 mg L�1) over-
lap with the polysaccharide peak, diminishing its true
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height and area, making it impossible to determine an
accurate F value for those two cases.

4. Discussion

4.1. Effects of solution pH

Changes in solution chemistry impact ionizable func-
tional groups on both EPS and goethite, which has impli-
cations for the adsorption reaction. EPS functional
groups are mostly protonated at pH < 2, but become pro-
gressively negative-charged with increasing pH due to pro-
ton dissociation of carboxyl [pH 2.0–6.0], phospholipid
[pH 2.4–7.2], phosphodiester [pH 3.2–3.5], hydroxyl [pH
9.0–10.0] and amino [pH 9.0–11.0] groups (Martinez
et al., 2002). Likewise, proton adsorption and desorption
at goethite surface hydroxyl groups exhibits strong pH
dependence. The point of zero net proton charge (PZNPC)
of the synthetic goethite particles is between 7.2 and 8.0
(Day et al., 1994; Stumm and Morgan, 1996). Adsorption
of EPS constituents should, therefore, be favorable electro-
statically at pH < PZNPC where goethite and EPS are
oppositely charged. The mass of EPS adsorbed (C, N or
P basis, Fig. 1) decreased significantly with increasing
pH. Similar pH dependency has been reported in goethite
adsorption studies of natural organic matter (NOM) and



Table 3
Apparent molecular mass distribution data for solution phase EPS
constituents before and after reaction with goethite in 10 and 100 mM
NaCl at pH 6

EPS
sorbed (%)

Retention
time (min)

Molecular weight (kDa) Polydispersity
(Mw/Mn)Mn

a Mw
b

10 mM
0 16.48 11530 ± 2124 14619 ± 1613 1.28 ± 0.095
18 16.71 9118 ± 2365 12579 ± 2770 1.34 ± 0.126
33 16.89 8873 ± 760 10550 ± 490 1.33 ± 0.25
45c

0 20. 63 668 ± 5.77 689 ± 8.08 1.03 ± 0
18 20. 67 643 ± 39.63 660 ± 43.59 1.03 ± 0.01
33 20.73 623 ± 5.48 634 ± 2.87 1.02 ± 0.01
45 20.72 631 ± 7.59 643 ± 5.85 1.02 ± 0

100 mM
0 18.50 2234 ± 169 2576 ± 47 1.15 ± 0.034
20 18.60 2158 ± 144 2537 ± 84 1.18 ± 0.059
27 18.70 1893 ± 159 2261 ± 127 1.20 ± 0.057
40 18.80 1774 ± 404 1983 ± 318 1.13 ± 0.077

0 21.30 230 ± 8.89 242 ± 6.54 1.04 ± 0.023
20 21.00 294 ± 53.98 305 ± 49.09 1.06 ± 0.017
27 20.80 361 ± 24 376 ± 35 1.04 ± 0.029
40 20.80 364 ± 12.75 375 ± 14.5 1.03 ± 0.003

Derived from refractive index detector data.
a Number average molecular weight calculated according to Eq. (3).
b Weight average molecular weight calculated according to Eq. (2).
c Signal too low for mass parameter quantification.

Table 4
SE-HPLC fractionation results for batch adsorption studies of B. subtilis
EPS on goethite at different ionic strengths

1 mM 10 mM 100 mM

% C
sorbed

FA
a (±SD) % C

sorbed
FA

a (±SD) % C
sorbed

FA
a (±SD)

0 6 ± 1.3 0 3.6 ± 0.8 0 3.4 ± 0.4
37 1.6 ± 0.4 19 1.6 ± 0.3 20 1.7 ± 0.06
41 1.5 ± 0.3 32 1.5 ± 0.3 27 ND
64 0.6 ± 0.1 48 0.3 ± 0.1 40 ND

1 mM 10 mM 100 mM

% C
sorbed

FH
b (± SD) % C

sorbed
FH

b (± SD) % C
sorbed

FH
b (± SD)

0 2.9 ± 0.1 0 1.6 ± 0.2 0 2.1 ± 0.09
37 0.6 ± 0.09 19 0.5 ± 0.1 20 1.0 ± 0.02
41 0.4 ± 0.06 32 0.6 ± 0.2 27 ND
64 0.2 ± 0.02 48 0.1 ± 0.03 40 ND

Calculations based on both area (FA) and height (FH) of chromatographic
peaks for solution phase EPS before and after adsorption reaction. ND,
not determined due to vacancy peak overlap.
a FA = protein peak (Ap): polysaccharide (Aps) peak height ratio.
b FH = protein (Hp): polysaccharide (Hps) peak area ratio.

Bacterial EPS adsorption to goethite 835
low molar mass organic acids (Davis, 1982; Murphy et al.,
1992; Evanko and Dzombak, 1998). The adsorption of
biomacromolecules such as proteins and charged polysac-
charides has also been reported to decrease with increas-
ing pH (Revilla et al., 1996; Jones and O�Melia, 2000;
Fujimoto and Petri, 2001). However, in the case of pro-
teins, adsorption maxima tend to occur at pH close to
the isoelectric point of the protein (Revilla et al., 1996;
Jones and O�Melia, 2000). The pH dependency of EPS-P
adsorption reported here is also consistent with prior
studies of inorganic and organic phosphate sorption
(decreased adsorption with increasing pH) to goethite
(Geelhoed et al., 1997; Nowack and Stone, 1999).

4.2. Screening-reduced adsorption

At pH 6, adsorption of poly-anionic EPS-C and -N to
the positive-charged goethite surface was found to decrease
with increasing I (Fig. 2, Table 1). This trend is in contrast
to studies of humic substances, which showed either in-

creased adsorption with increasing I (Lafrance and Mazet,
1989) or negligible I effect (Jardine et al., 1989; Gu et al.,
1994). Increased adsorption at high electrolyte concentra-
tion may be attributed to higher surface charge at a given
pH (Dzombak and Morel, 1990). In contrast, our data
are more consistent with trends reported for protein
adsorption via ion exchange (Lan et al., 2001). Indeed,
the source of N in our sample is dominantly proteins and
smaller amounts of nucleic acids (Omoike and Chorover,
2004). The decrease in Cmax for EPS-N with increasing I

(Table 1) is similar to that reported for protein adsorption
on a range of surfaces including cation and anion exchang-
ers and dye-affinity adsorbents (Hashim et al., 1995; Lan
et al., 2001). In addition, the Langmuir constant, K, ob-
tained in those studies increased with increasing I, a trend
consistent with the K values for N in our study (Table 1).
Increasing I was also reported to diminish adsorption of
dextran, a neutral polysaccharide, on TiO2 (anatase), the
reduction being attributed to disruption of surface H-
bonding because of counter-ion Cl� adsorption (Li and
Spencer, 1992). According to numerical calculations by
Vandesteeg et al. (1992), polyelectrolyte adsorption at
opposite-charged surfaces includes two regimes: (i) screen-
ing-reduced adsorption, characterized by decreasing ad-
sorbed mass with increasing I and (ii) screening-enhanced
adsorption characterized by increasing adsorbed amount
with increasing I.

Strong negative I dependence of polymer adsorption has
been attributed to electrostatic mechanisms of surface
interaction (Hesselink, 1977; Vandesteeg et al., 1992). In
particular, increased competition from counter-ions in the
background electrolyte lead to a reduction in EPS adsorp-
tion. Counter-ions can bind to functional groups of EPS
(Fleer et al., 1993) as well as the surface hydroxyl groups
of goethite (Bajpai et al., 1997). The competitive effects of
background electrolyte are likely to be enhanced at high
I. Specifically, adsorption of Cl� to the goethite surface
and of Na+ to EPS in bulk solution are both expected to
diminish EPS electrostatic adsorption to goethite because
of charge screening (if ion sorption is diffuse or outer-
sphere) or neutralization (if ion sorption results from in-
ner-sphere complexation). Additional factors that could
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contribute to the negative I effect are contraction in EPS
conformation (Frank and Belfort, 1997) and increased goe-
thite homo-coagulation at high electrolyte concentration
(Anderson et al., 1985), since these processes would reduce
the number of reactive sites on the adsorptive and adsor-
bent, respectively.

4.3. Infrared evidence for phosphate group ligand exchange

The observed OH� release (Fig. 4), DRIFT data (Figs. 5
and 6), and our prior ATR-FTIR studies (Omoike et al.,
2004) argue against strictly Coulombic adsorption of EPS
at the goethite surface. The positive relation between EPS
adsorption and OH� release is consistent with a ligand ex-
change mechanism that results in displacement of goethite
surface hydroxyls during binding of EPS functional groups
to surface metal (Fe) centers. Such pH effects have been
reported previously to coincide with adsorption of NOM,
low molecular weight organic acids or orthophosphate
onto mineral oxides (Kummert and Stumm, 1980; Davis,
1982). Specifically, these prior studies have emphasized
the formation of inner-sphere carboxylate-Fe bonds and
phosphate-Fe bonds during NOM and orthophosphate
adsorption, respectively. These molecular mechanisms
have been verified via infrared spectroscopy (Gu et al.,
1994; Persson et al., 1996; Chorover and Amistadi, 2001).

In contrast to reports on carboxylated humic matter,
infrared (DRIFT) spectra of free and adsorbed EPS
(Fig. 6) show no change in the frequency of the symmetric
carboxylate stretch (msym COO�, ca. 1405 cm�1) upon
adsorption. Thus, covalent bonding of carboxylate groups
to the goethite surface was not detected by DRIFT. How-
ever, comparison of the bulk EPS spectrum with difference
spectra of goethite-sorbed EPS showed significant differ-
ences in the protein (1700–1500 cm�1) and polysaccharide
(1200–950 cm�1) regions, indicating EPS perturbation
due to the surface reaction.

The 1200–950 cm�1 region is characterized by C–O–C,
C–O–P, P–O–P and C–O stretching vibrations of polysac-
charides [sugars/sugar phosphates] as well as phosphodiest-
ers (PO2

�) (Fringeli and Günthard, 1981; Naumann et al.,
1996; Naumann, 2000). Changes in the frequency of bands
assigned to mas PO2

� and ms PO2
� are evident in Figs. 6b–e.

The mas PO2
� located at 1242 cm�1 in the spectrum of bulk

EPS, is shifted to 1263 cm�1, while peak absorbance for the
broad ms PO2

� band is apparently shifted from 1078 to
1067 cm�1 (Table 2). Most important is the emergence of
two new bands, located at 1153 and 1028 cm�1 in Figs.
6b–e (absent in Fig. 6a), that are consistent with stretching
vibrations of P–O–Fe bonds as indicated by both empirical
and molecular modeling studies (Tejedor-Tejedor and
Anderson, 1990; Barja et al., 1999; Gong, 2001; Sheals
et al., 2002; Omoike et al., 2004). Emergence of these two
new bands and the associated shifts in mas PO2

� and ms
PO2

� are consistent with inner-sphere bonding of EPS
phosphate groups (deriving principally from phosphodiest-
ers of nucleic acids and proteins) at goethite surface
hydroxyls. This ligand exchange mechanism provides an
intriguing explanation for both OH� release (Fig. 4) and
the high EPS-P affinity (Table 1, Figs. 2C, and 3). The
strong pH dependence of EPS-P adsorption relative to that
for –N and –C (Fig. 1B) may reflect the greater favorability
of the ligand exchange reaction at low pH where goethite
surface hydroxyls are protonated and, therefore, more
exchangeable with EPS phosphate groups.

4.4. Infrared evidence for preferential protein adsorption

Protein adsorption is indicated by the presence of amide
I and II vibrations in sorbed EPS (Fig. 6). Relative to bulk
EPS, these two bands are shifted to higher and lower fre-
quencies, respectively, upon goethite-surface reaction. In
addition, adsorbed EPS shows a reduction in amide I/am-
ide II intensity ratio (Fig. 6). Increased relative intensity of
the amide II peak at ca. 1516 cm�1 coincides with increas-
ing EPS adsorption to the goethite surface. Both peak and
integrated intensities of this band have been used to mea-
sure the extent of protein adsorption onto surfaces (Scha-
kenraad and Busscher, 1989; Roddick-Lanzilotta et al.,
1998). Peak absorbance data for the amide II band as a
function of [EPS-N] were fitted to a modified version of
the Langmuir equation developed for IR spectroscopic
application (Roddick-Lanzilotta et al., 1998). A plot of
[EPS-N]eq/Abs(1516 cm�1) vs [EPS-N]eq (analogous to
the linearized form of Eq. (1)) gave a slope of 8.90 ± 0.4
and an intercept of 9.74 (±3.9) · 10�4, respectively. The ra-
tio of slope to intercept, which provides an estimate of the
Langmuir constant (K) for EPS proteins, was 9.1
(±3.6) · 103 L mol�1. This is within the range (3 · 103–
6 · 104 L mol�1) reported for adsorption of lysine peptides
and polylysine on TiO2 (Roddick-Lanzilotta et al., 1998).

Enhancement of amide vibrations in DRIFT spectra for
solid phase products is corroborated by inverse trends in
transmission spectra of the solution phase EPS (Fig. 7).
That is, both sets of IR data indicate that with increasing
adsorbed fraction of EPS, the solution phase becomes rel-
atively enriched in polysaccharides, whereas the goethite
surface becomes relatively enriched in proteins. The dual-
detector SE-HPLC results (Fig. 8) are also consistent with
this finding; they too indicate preferential adsorption of
UV-absorbing proteins and nucleic acids relative to poly-
saccharides. In addition, the SE-HPLC data reveal selec-
tive adsorption of those proteins with higher molar mass.
Adsorptive uptake of high molar mass fractions has also
been reported in prior SE-HPLC studies of NOM adsorp-
tion to Fe oxide surfaces (Tomaic and Zutic, 1988; Meier
et al., 1999; Zhou et al., 2001; Chorover and Amistadi,
2001).

5. Conclusions

Since bacterial EPS is a heterogeneousmixture of biomac-
romolecules, each one comprising a multiplicity of function-
al groups, it is expected that numerousmechanisms influence



Bacterial EPS adsorption to goethite 837
its adsorption to mineral surfaces. A multi-faceted experi-
mental approach is, therefore, required to elucidate these
interactions. Adsorption of EPS-C, -N and -P decreases with
increasing pH from 3 to 9 because of progressive proton dis-
sociation of both goethite and ionizable EPS functional
groups. The pH dependency of EPS-P adsorption exceeds
that of C and N. At pH < 9 (pH < PZNPC of goethite), ele-
ment specificKd values reflect preferential uptake of P andN
containing moieties (i.e., Kd values follow the order
EPS-P� EPS-N > EPS-C).

At pH 6, decreased adsorption with increasing ionic
strength is consistent with screening-reduced electrostatic
interactions between polyanionic EPS and the positive-
charged goethite surface. Infrared spectroscopy indicates
that, in addition to Coulombic attraction, EPS adsorption
results in the formation of P–O–Fe bonds between phos-
phoryl groups and goethite-surface Fe metal centers. This
ligand exchange reaction, which results in the release to
solution of goethite surface hydroxyls and a corresponding
increase in solution pH, provides explanation for the
strong preferential adsorption of EPS-P, relative to –C
and –N. A similar ligand exchange reaction involving
EPS carboxyl groups was not observed. Several lines of evi-
dence, including infrared spectroscopy, elemental analysis
and dual-mode-detection SE-HPLC indicate preferential
uptake of proteins and nucleic acids relative to polysaccha-
rides. Nucleic acids and proteins—adsorbed via both inner-
sphere and electrostatic adsorption mechanisms—therefore
likely play an important role in conditioning film forma-
tion and bacterial adhesion to Fe oxide surfaces.
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