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Abstract

Extracellular polymeric substances (EPS) are continuously produced by bacteria during their growth and metabolism. In
soils, EPS are bound to cell surfaces, associated with biofilms, or released into solution where they can react with other solutes
and soil particle surfaces. If such reaction results in a decrease in EPS bioaccessibility, it may contribute to stabilization of
microbial-derived organic carbon (OC) in soil. Here we examined: (i) the chemical fractionation of EPS produced by a com-
mon Gram positive soil bacterial strain (Bacillus subtilis) during reaction with dissolved and colloidal Al species and (ii) the
resulting stabilization against desorption and microbial decay by the respective coprecipitation (with dissolved Al) and
adsorption (with Al(OH)3(am)) processes. Coprecipitates and adsorption complexes obtained following EPS–Al reaction as
a function of pH and ionic strength were characterized by Fourier transform infrared spectroscopy (FTIR) and X-ray pho-
toelectron spectroscopy (XPS). The stability of adsorbed and coprecipitated EPS against biodegradation was assessed by min-
eralization experiments for 1100 h. Up to 60% of the initial 100 mg/L EPS-C was adsorbed at the highest initial molar Al:C
ratio (1.86), but this still resulted only in a moderate OC mass fraction in the solid phase (17 mg/g Al(OH)3(am)). In contrast,
while coprecipitation by Al was less efficient in removing EPS from solution (maximum values of 33% at molar Al:C ratios of
0.1–0.2), the OC mass fraction in the solid product was substantially larger than that in adsorption complexes. Organic P
compounds were preferentially bound during both adsorption and coprecipitation. Data are consistent with strong ligand
exchange of EPS phosphoryl groups during adsorption to Al(OH)3(am), whereas for coprecipitation weaker sorption mecha-
nisms are also involved. X-ray photoelectron analyses indicate an intimate mixing of EPS with Al in the coprecipitates, which
is not observed in the case of EPS adsorption complexes. The incubation experiments showed that both processes result in
overall stabilization of EPS against microbial decay. Stabilization of adsorbed or coprecipitated EPS increased with increasing
molar Al:C ratio and biodegradation was correlated with EPS desorption, implying that detachment of EPS from surface sites
is a prerequisite for microbial utilization. Results indicate that the mechanisms transferring EPS into Al–organic associations
may significantly affect the composition and stability of biomolecular C, N and P in soils. The observed efficient stabilization
of EPS might explain the strong microbial character of organic matter in subsoils.
� 2011 Elsevier Ltd. All rights reserved.
0016-7037/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2011.03.006
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1. INTRODUCTION

Microorganisms play a central role in fundamental
cycles of many elements including carbon, nitrogen,
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phosphorus, and sulfur. Biofilms, cell lysis, and exudation
products are important sources of microbial-derived com-
pounds in soils (Beveridge et al., 1997). Extracellular poly-
meric substances (EPS) comprising a mixture of
polysaccharides, amino sugars, proteins, teichoic, and nu-
cleic acids (Kumar et al., 2007) are continuously produced
during growth and metabolism of the soil heterotrophic
biomass. Bacterial EPS fulfill important functions in soil
environments, such as attaching bacteria to mineral sur-
faces, protecting them from dehydration, or capturing
nutrients. Fate of this EPS is diverse; some are sorbed to
bacterial cell walls or retained within biofilms and other
portions are actively exuded into the soil solution (Omoike
and Chorover, 2004; Leone et al., 2006). Once released into
soil, EPS are subjected to potential aggregation with poly-
valent metals or sorption to mineral surfaces, thus leading
to the enrichment of microbial-derived carbohydrates and
proteins in the clay (<2 lm) fraction or in high-density min-
eral–organic associations (Davis, 1982; Beveridge et al.,
1997; Marschner et al., 2008; Mikutta et al., 2009). EPS-de-
rived substances can therefore constitute a significant mass
fraction of stabilized organic matter (OM) in soils.

Since polyelectrolytic EPS contain various ionizable
functionalities such as carboxyl, phosphoryl, amino, and hy-
droxyl groups (Omoike and Chorover, 2004; Badireddy
et al., 2008), they can modify the charge and hydrophilicity
of mineral surfaces, thereby conditioning surfaces for bacte-
rial attachment, colonization, and biofilm formation. In soil,
bacterial exudates may participate in many ecologically rel-
evant processes. For example, EPS can sorb or flocculate
other OM constituents (Esparza-Soto and Westerhoff,
2003; Ding et al., 2008), bind toxic metals (Guibaud et al.,
2006; Kumar et al., 2007; Aguilera et al., 2008; Kiran and
Kaushik, 2008), promote the dissolution of minerals (Zhu
et al., 2008), and enhance aggregate stability (Watanabe
et al., 1999; Jaisi et al., 2007). Moreover, as EPS comprise
intrinsically labile compounds, they provide a readily avail-
able C source for biosynthesis (de Brouwer et al., 2002)
although an unknown portion may escape microbial utiliza-
tion via sorption to mineral surfaces or complexation with
metals.

Omoike and Chorover (2006) and Omoike et al. (2004)
studied the adsorption of EPS isolated from Bacillus subtilis

to goethite (a-FeOOH), a common crystalline Fe oxide in
soil. Sorption was shown to be dominated by ligand
exchange reactions between surficial Fe–OH groups and P-
containing functionalities of EPS. Importantly, a selective
uptake of P- and N-rich compounds was observed, demon-
strating that the composition of aqueous-phase EPS is signif-
icantly altered because of the preferential adsorption of
particular EPS fractions (Omoike and Chorover, 2006).
Consequently, in order to understand the behavior and
properties of EPS in natural soil environments, it is crucial
to examine sorption processes and their effects on the EPS
composition and properties. The composition of sorbed
EPS is also dynamic because of component-selective desorp-
tion and biodegradation in open, bioactive soil systems.
Assessment of sorption–desorption properties of EPS and
their effects on biodegradation is thus important to appraise
the potential contribution of EPS to OM stabilization.
Similar to Fe (oxyhydr)oxides, Al (hydr)oxides compris-
ing large specific surface areas contribute significantly to the
OM sorption capacity of acidic soils (Kaiser and Guggen-
berger, 2000). In addition, as shown by Scheel et al.
(2007), stabilization of forest floor layer-derived OM in
mineral–organic associations can also occur via coprecipi-
tation with aqueous-phase Al(III), whose prevalence in oxic
soil pore water typically exceeds that of Fe(III) because of
the higher solubility of Al relative to Fe hydroxides. How-
ever, the extent and mechanisms of EPS adsorption to Al
(hydr)oxides or complexation/coprecipitation with aqueous
Al species, and the consequences of such reactions for the
properties of sorbed versus aqueous-phase EPS remain
unknown.

The present study addresses the influence of Al species
on EPS stabilization. Specifically, by using macroscopic,
spectroscopic, and incubation techniques, we examined (i)
the mechanisms of EPS–Al complex formation by adsorp-
tion (using amorphous Al(OH)3 as a model sorbent
representing poorly-crystalline Al oxides in soil) and copre-
cipitation, (ii) chemical fractionation processes associated
with these two processes, and (iii) the stability of adsorbed
and precipitated EPS against desorption and biodegrada-
tion. In order to assess the sum effect of solid-phase interac-
tion on bulk EPS stabilization, the stability against
biodegradation was assessed for both adsorbed and copre-

cipitated EPS and the corresponding non-sorbed aqueous-
phase EPS fraction.

2. MATERIALS AND METHODS

2.1. Notations and terminology

In the context of this paper, ‘coprecipitation’ denotes a
process wherein monomeric or polymeric aqueous Al spe-
cies form a mixed Al–organic solid that evolves from solu-
tion following reaction with EPS. Depending on conditions
of formation, such coprecipitates may comprise aggregated
complexes of monomeric or polymeric Al with EPS, or EPS
adsorbed to the surfaces of neoformed Al(OH)3(am). In con-
trast, ‘adsorption’ refers to production of EPS surface excess
from uptake onto surfaces of Al(OH)3(am) colloids that were
precipitated prior to reaction with EPS. Coprecipitation
and adsorption are two distinct mechanisms of EPS re-
moval from solution that can both be included under the
more general term EPS ‘sorption’. ‘Fractionation’ of EPS re-
sults from the preferential adsorption or coprecipitation of
specific EPS components, as reflected, e.g., in the non-stoi-
chiometric solid-solution partitioning of EPS-C, -N, -P, and
-S, as well as in preferential removal of particular biomolec-
ular components (e.g., polysaccharides or proteins). Sorp-
tive fractionation reactions result in the formation of
‘non-sorbed’ and ‘sorbed’ EPS in the aqueous and solid
phase products, respectively. EPS ‘mineralization’ refers to
the oxidative biodegradation of EPS-C to CO2.

2.2. Aluminum hydroxide

Amorphous Al(OH)3 was precipitated by slowly neutral-
izing a solution of 2 M AlCl3 with NaOH. The precipitate
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was washed with deionized water and freeze-dried. The spe-
cific surface area (SSA) of the product was analyzed by N2

adsorption at �196 �C with a Nova 2010 surface area ana-
lyzer (Quantachrome Corp., Boynton Beach, USA) after
degassing the sample at 40 �C for 48 h. The Brunauer–Em-
mett–Teller SSA was 102 ± 2 m2/g. The X-ray diffraction
pattern of Al(OH)3(am) was recorded with a D5000 instru-
ment (Siemens AG/Bruker AXS, Karlsruhe, Germany).
The lack of diffraction signals confirmed the X-ray amor-
phous structure of Al(OH)3(am).

2.3. Bacterial cell cultivation, EPS purification and

characterization

Isolation of EPS followed the procedure described in
Omoike and Chorover (2006) using autoclaved glassware.
Briefly, endospores of B. subtilis (American Type Culture
Collection, ATCC 7003) were added to trypticase-soy-med-
ium and activated aerobically for 24 h at 30 �C. The bacte-
rial suspension was added to LB-Lennox-Media (5 g/L
yeast extract, 10 g/L Trypton, 5 g/L NaCl) in flasks with
air-conductive cellulose stoppers and incubated at 30 �C
on a horizontal shaker (130 rpm). EPS were isolated from
bacterial suspensions in the early stationary growth phase
(Omoike and Chorover, 2006). The suspension was first
centrifuged (15 min, 5000g) at 4 �C to remove bacterial
cells; then the supernatant was centrifuged for another
50 min (10,000g) to separate EPS from other cell constitu-
ents. EPS was subsequently precipitated with cold (2 �C)
ethanol at a volumetric ethanol:water ratio of 3:1; the sus-
pension was left for 24 h at �18 �C (de Brouwer et al.,
2002). For further purification, this step was repeated and
the product freeze-dried.

Non-purgeable OC and total N was determined in EPS
solutions using a multi N/C 2100 analyzer (Analytik Jena,
Jena, Germany); S, P, Al, K, Ca, and Na were measured
by inductively coupled plasma optical emission spectros-
copy (Jobin Yvon, JY 70 plus, Longjumeau, France). Phos-
phate, SO4

2�, Cl�, NO3
�, and NH4

+ were measured by ion
chromatography (DX 500, Dionex, Idstein, Germany). The
amino acid composition of EPS were determined after
hydrolysis of EPS in 6 M HCl for 12 h at 105 �C as de-
scribed in Mikutta et al. (2010). The amino acids were mea-
sured as N-pentafluoropropionyl-amino acid isopropyl
esters using a GCMS-QP 2010 instrument (Shimadzu
Corp., Tokyo, Japan).

NMR spectra (1H, 13C, 31P) of freeze-dried samples
(150 mg) dissolved in 3 mL of 0.5 M NaOD solution were
recorded with a 11.7 T Bruker DRX 500 NMR spectrome-
ter (Bruker Analytische Messtechnik GmbH, Rheinstetten,
Germany) at a temperature of 17 �C. The measuring
conditions were for 13C NMR: 10-mm sample tubes; spec-
trometer frequency, 125 MHz; inverse-gated decoupling;
acquisition time, 0.16 s; delay time, 1.84 s; line-broadening
factor, 100 Hz; for 1H NMR: 5-mm sample tubes; spec-
trometer frequency, 500 MHz; homonuclear presaturation
for solvent suppression; acquisition time, 1.16 s; delay time,
1 s; line-broadening factor, 2 Hz; and for 31P NMR: spec-
trometer frequency, 202.5 MHz; no proton decoupling;
acquisition time, 0.1 s; relaxation delay, 2 s; line-broaden-
ing factor, 20 Hz. Chemical shifts were measured relative
to 85% H3PO4 in a 5-mm tube inserted into the 10-mm sam-
ple tube before the measurement of each sample.

2.4. Adsorption, coprecipitation and desorption experiments

An EPS-stock solution of 100 mg C/L was prepared.
For adsorption experiments, different amounts of freeze-
dried Al(OH)3(am) were weighed into 250 mL glass tubes
and 100 mL of the EPS-stock solution were added, produc-
ing molar Al:C ratios ranging between 0.05 and 1.86 (1.0–
35.0 mg Al(OH)3(am)/mg EPS-C). For coprecipitation, an
AlCl3�6H2O solution (20 g/L) was added to glass tubes
and mixed with 100 mL of the EPS-stock solution, generat-
ing molar Al:C ratios of 0.01–0.2. All experiments were
conducted in triplicate at 5 �C to reduce microbial utiliza-
tion. After 18 h of equilibration on a horizontal shaker at
60 rpm, the solutions were filtered through 0.45-lm poly-
carbonate filters (HTTP 04700, Millipore, Bedford, USA).
We observed no EPS sorption to the filter material. To
study the effect of pH and ionic strength (I) on EPS adsorp-
tion and coprecipitation, different EPS solutions varying in
pH (3.8 and 4.5) and I (1.7, 17, and 170 mM) were pre-
pared. Target pH-values were achieved by dropwise addi-
tion of concentrated HCl, whereas I values were obtained
by varying concentrations of analysis-grade NaClO4

(VWR International). pH shifts <0.5 pH-units resulting
from initial mixing of Al(OH)3(am) or AlCl3 with EPS solu-
tions were corrected to target values by addition of dilute
HCl or NaOH. The mass of adsorbed or coprecipitated
EPS-C, -N, -P, or -S was calculated by the difference be-
tween initial and final OC and N concentrations in the fil-
trate (before and after reaction with Al species); organic
N was calculated as total N minus [NO3

� + NH4
+]–N;

organic P as total P minus [PO4
3�]T–P, and organic S as

total S minus [SO4
2�]–S.

To quantify EPS desorption from solid phase products,
50 mL of a solution equivalent to the inorganic background
electrolyte used in the incubation solution (NH4NO3:
0.24 mmol/L; K2HPO4: 0.20 mmol/L) was added to the
moist adsorption complexes and coprecipitates, shaken
for 24 h at 5 �C, and filtered to <0.45-lm. This step was re-
peated once and the total amount of desorbed OC was cal-
culated by summation of OC released in each step.

2.5. Biodegradation experiments

Adsorption complexes and coprecipitates obtained at
pH 4.5 were suspended in 60 mL of bi-distilled water and
then incubated separately in 120-mL glass bottles. The
complete polycarbonate filters (see Section 2.4) containing
the adsorption complexes and coprecipitates were trans-
ferred to the incubation bottle. Replicated 60 mL samples
of the bulk (unreacted) EPS and non-sorbed (aqueous phase,
post-reaction) EPS solutions were likewise incubated. Poly-
carbonate filters were added to these treatments to ensure
comparability with the incubation of the solid phases. To
each incubation bottle, 1 mL of a nutrient solution
(NH4NO3: 0.24 mmol/L; K2HPO4: 0.20 mmol/L) and
0.6 mL of an inoculum derived from the Oa horizon of a
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Podzol (Mikutta et al., 2007) were added. Cell density of
the inoculum was �6 � 106 mL�1. Incubation of a glucose
solution at pH 4.5 assured the functionality of the microbial
community at high proton activity. After closing the bottles
with a butyl septum, �30 mL of ambient air were injected
with a syringe in order to assure overpressure (�450 hPa)
for chromatographic gas analyses. The bottles were incu-
bated for 1100 h at 20 �C in the dark and were shaken every
second day to minimize O2 deficiency. Previous research
showed that this period is long enough to cover most of
the mineralizable C of natural OM (Scheel et al., 2007).
The unreacted EPS solution and bi-distilled water with
nutrients and inoculum added served as controls (each with
polycarbonate filters). The mineralization of adsorbed and
coprecipitated EPS was corrected for the CO2 produced
by the inoculum alone. Carbon dioxide release from the
inoculum alone was negligible (<1000 ppm CO2 in the
headspace), suggesting that EPS production and minerali-
zation from the inoculum was negligible. During incuba-
tion, gas samples were taken periodically. Head-space
CO2-concentrations were quantified with a gas chromato-
graph equipped with methanizer and flame ionization
detector (SRI 8610C, Torrance, USA). The maximal CO2

concentration in the headspace was 4.4 vol% for unreacted
EPS (without any treatment) which is similar to values ob-
served in soil. To accurately assess the amount of CO2 de-
rived from biodegradation, a set of equations was applied
to account for physically and chemically dissolved CO2:

N g ¼
pV g

RT
ð1Þ

N p ¼ a� N g
V l

V g

ð2Þ

N c ¼ N p � 10�pKa1þpH ð3Þ

where Ng = CO2 concentration in gas phase (mol), p = par-
tial pressure in incubation bottle (Pa), Vg = gas volume
(m3), R = Constant [8.31451 J/(K mol)], T = temperature
(K); Np = physically dissolved CO2 (mol), a = Bunsen
absorption coefficient of CO2 in water at 293 K (Bartels
and Wrbitzky, 1959), and Vl = solution volume (0.0616 �
10�3 m3); Nc = chemically dissolved CO2 (mol), pKa1 =
dissociation constant for H2CO3/HCO3

� (6.38), pH = pH
of solution phase. Since the pH during incubation could
not be monitored continuously, the pH evolution was
interpolated assuming that the proton concentration was
related to EPS degradation kinetics according to:

CtðHþÞ ¼ C0ðHþÞe�kt ð4Þ

where Ct(H
+) = proton concentration at time t (mol/L),

C0(H+) = initial proton concentration (10�4.5 mol/L), k =
degradation rate (1/h), and t = incubation time (h). The
total CO2 concentration (Ntotal) was then finally quantified
as

N total ¼ N g þ N p þ N c ð5Þ

By normalizing the total moles of CO2 produced by EPS
mineralization to the amount of C initially adsorbed or
coprecipitated, the extent of degradation was calculated
for every sampling point. An exponential degradation mod-
el was fitted to the data (Paul and Clark, 1996):

At ¼ Amaxð1� e�ktÞ ð6Þ

with At = fraction degraded at time t, Amax = fraction de-
graded at t!1 (%), k = degradation rate (1/h), and
t = degradation time (h). The overall stabilization of EPS
upon interaction with Al(OH)3(am) or Al was quantified
by comparing the summative extents of biodegradation of
the adsorbed or coprecipitated EPS, plus that of their respec-
tive aqueous phase (i.e., non-sorbed) components, with
those of the unreacted EPS.

2.6. X-ray photoelectron spectroscopy (XPS)

Selected samples were studied with XPS to reveal chem-
ical differences between adsorbed and coprecipitated EPS,
and also relative to unreacted EPS. XPS measurements
were performed using a VG ESCALAB 220i XL spectrom-
eter with non-monochromated Al Ka-radiation (Eexc =
1468.6 eV). Survey spectra (0–1000 eV) were recorded using
a pass energy of 50 eV, while 10 eV was used for the detail
scans in the C1s and N1s region. The takeoff angle was set
at 90�. The pressure in the analysis chamber during mea-
surement was always <10�6 Pa. About 2 cm2 of each sam-
ple were analyzed in order to obtain representative
spectra. Under the measuring conditions, the FWHM of
the Ag3d5/2 peak was 1.49 eV at 50 eV pass energy and
1.0 eV for 10 eV pass energy. The composition of samples
was quantified using Unifit Version 8.0 (Hesse et al.,
2003). Peaks present in the spectra (O1s, C1s, N1s, P2p,
Cl2p3, Al2p, Na2s) were referenced to the C signal at
285.0 eV, integrated and quantified using the manufac-
turer-based sensitivity factors. In contrast, the detail C1s
scan was referenced to the N signal in the survey scan cen-
tered at 400.0 eV (amide N), and vice versa for the N1s
peak.

2.7. Fourier transform infrared (FTIR) spectroscopy

Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were collected on the solid phase EPS–Al com-
plexes, whereas transmission FTIR spectra were obtained
on aqueous-phase EPS samples both before and after reac-
tion (Omoike and Chorover, 2006). Spectra of the freeze-
dried solid phase were collected in 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 a stainless steel cup and scanned
using pure KBr as background. The spectra of adsorbed
EPS were obtained by difference of the respective adsorp-
tion complex minus the spectrum of pure Al(OH)3(am).
For aqueous-phase EPS samples, several solution aliquots
(100–1200 lL) were transferred and dried onto IR trans-
missive Ge windows, and spectra of EPS films were col-
lected in transmission mode. For all samples, a total of
350–400 scans were collected over the spectral range of
400–4000 cm�1 at a resolution of 4 cm�1 using a Magna-
IR 560 Nicolet spectrometer equipped with a CsI beam
splitter, DTGS-detector, and OMNIC processing software.
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2.8. Scanning electron microscopy (SEM)

Selected samples including unreacted and Al-species-re-
acted EPS were examined using a FEI Quanta 200 instru-
ment at accelerating voltages of 20–30 kV.

3. RESULTS

3.1. Chemical properties of EPS

Cultivation of B. subtilis resulted in visually apparent
flocculation and bacterial film formation. The purified
EPS was composed of 340, 80 and 35 mg/g of organic car-
bon, nitrogen, and phosphorus, respectively (Table 1).
Scanning electron micrographs of dehydrated EPS revealed
aggregates with a small number of randomly distributed B.

subtilis rods that were not removed during purification
(Fig. 1A). Phase contrast microscopy and SYBR green
staining of the EPS followed by fluorescence microscopy re-
vealed �2.2 � 107 cells/mg EPS. Assuming the average dry
weight of a procaryotic cell to be 2 � 10�13 g with half of
that being assignable to carbon (Whitman et al., 1998),
we estimate that cellular C contributed 2.2 mg/g EPS dry
weight or 6.5 mg/g EPS-C (<1%).

Protein and polysaccharide constituents dominate in
EPS and usually occur at similar mass concentrations for
the experimental growth conditions employed here
(Omoike and Chorover, 2004). The protein content of
EPS was estimated based on XPS measurements (Dufrêne
et al., 1997) with (N/C)XPS = 0.289 (CPE/C) where 0.289
is the average N:C ratio of hydrolyzable amino acids in
EPS and CPE/C represents the protein fraction. According
to this calculation, 66% of EPS consisted of proteins with
the remainder being mainly attributable to polysaccharides,
with smaller contributions of nucleic acids, and phospholip-
ids. Hydrolyzable amino acids accounted for only 19% of
EPS mass with glutamic acid/glutamine being the most
abundant amino acid followed by lysine > serine > aspa-
ragine/aspartic acid > alanine = glycine > others (not
shown). NMR spectroscopy revealed the abundance of pro-
teins, phosphorus compounds, and carbohydrates repre-
senting microbial exudates as well as cell wall components
(Table 1). After harvesting, EPS was enriched in carbohy-
drates (+26%; 1H NMR d = 3–4 ppm), organic P
(+388%; 31P NMR d = 1–3 ppm) and teichoic acids (at
Table 1
Properties of EPS used in the study.

Solid concentration (mg/g) Inorganic composition of

OC ON (C:N)org
a Amino

acids
NH4

+ NO3
� H2

340.4 88.0 3.9 186.0 0.04 <<0.01 0.1

Distribution of functional groups derived from solution–state 31P, 13C, a

Ortho-P Monoester P Diester P Carboxyl-/
carbonyl-C

Aromatic C

>5.3 ppm 2.5–5.3 ppm �1.0 to 2.5 ppm 160–200 ppm 110–140 ppm
27 56 17 17 6

a Dimensionless.
d = 1.9 ppm; Makarov et al., 2005) but depleted in aro-
matic (�63%; 1H NMR d = 5.5–10 ppm) and carboxylated
(�3%; 13C NMR; d = 160–200 ppm) compounds relative to
the cultivation medium. According to 13C NMR, about
28% of total C can be assigned to O-alkyl C structures as
occur in carbohydrates (Table 1). Beside ortho-phosphate
(27%), and phosphodiesters (17%), 31P NMR revealed a
large percentage of phosphomonoesters (56%), which may
partly represent alkaline hydrolysis products of RNA
(Makarov et al., 2005) and terminal phosphate groups of
phospholipids generated by EPS dissolution in NaOD for
NMR spectroscopy.

3.2. Chemical fractionation during adsorption and

coprecipitation of EPS

For both adsorption and coprecipitation, the amount of
EPS-C removed from solution increased with initial molar
Al:C ratio (Fig. 2). At comparable initial molar Al:C ratios
(<0.2) more than twofold greater OC mass was coprecipi-
tated than adsorbed (Fig. 2). Under the experimental con-
ditions, coprecipitation resulted in a maximum of 33%
OC removal (at maximum molar Al:C ratio of 0.2) whereas
adsorption gave a maximum of 60% OC removal (at a mo-
lar Al:C ratio of 1.86). This corresponds to mass-based so-
lid phase OC values of ca. 254 mg/g Al(OH)3(am)-equivalent
for the coprecipitate (assuming complete Al precipitation)
versus 17 mg/g Al(OH)3(am) for the adsorption complex.
Adsorption of EPS-C to Al(OH)3(am) did not reach capacity
in this experiment as no distinct sorption plateau was ob-
served. Surface area-normalized OC adsorption increased
with decreasing initial molar Al:C ratio due to the declining
availability of Al(OH)3(am) surface sites (Fig. 2). Similarly,
the mass fraction of EPS-C in coprecipitates increased with
decreasing molar Al:C ratio.

EPS-N was proportionally adsorbed relative to EPS-C,
resulting in almost constant (C:N)org ratios of solid-bound
EPS (Fig. 3). At small molar Al:C ratios, less EPS-S than
EPS-C and -N was adsorbed but this difference levelled
off at larger Al:C ratios (>0.80). EPS-P moieties were pref-
erentially adsorbed to Al(OH)3(am) (Fig. 3). Coprecipitation
of EPS by Al produced a larger variability of C, N, S, and P
in the respective products. EPS-N was precipitated in simi-
lar quantity as EPS-C while EPS-P components showed
again a preferential uptake at molar Al:C ratios >0.02. In
EPS stock solution containing 100 mg C/L (mmol/L)

PO4
� SO4

2� Cl� Mg2+ Ca2+ K+ Al

8 0.02 0.90 0.01 0.03 0.11 0.004

nd 1H NMR (%)

O-Alkyl C Alkyl-C Aromatic H O-Alkyl H Alkyl-H

60–110 ppm 0–60 ppm 5.5–10 ppm 3.0–4.8 ppm 0.1–1.8 ppm
28 49 1 27 39



Fig. 1. Scanning electron images of (A) dehydrated isolated EPS, (B) EPS coprecipitated with Al at a molar Al:C ratio of 0.02, and (C) EPS
adsorbed to Al(OH)3(am) at a molar Al:C ratio of 0.38. Note the rod-shaped structures of B. subtilis at the surfaces of the coprecipitation and
adsorption complexes (white arrows).
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ratio. The lines serve as guides only.

3140 R. Mikutta et al. / Geochimica et Cosmochimica Acta 75 (2011) 3135–3154
contrast to adsorption, EPS-S was also preferentially re-
tained in coprecipitates at Al:C ratios >0.05.

3.3. pH and ionic strength effects

There was no statistically significant pH-dependence of
EPS-C and total EPS-N adsorption to Al(OH)3(am) in the
pH range studied (Fig. 4A). Total P adsorption declined
somewhat with increasing pH. Adsorption of EPS-C as well
as that of total N and total P were independent of ionic
strength (I) at a molar Al:C ratio of 0.53. Coprecipitation
of EPS-C was significantly greater at higher pH (4.5 versus
3.8) particularly at larger molar Al:C ratios (Fig. 4B). The
same trend was observed for total N and P, respectively.
Coprecipitation of EPS-C at an initial molar Al:C ratio of
0.075 significantly decreased with increasing I (Fig. 4C).
Likewise, coprecipitation of total N and total P significantly
declined at larger I by >37% (Fig. 4C).

3.4. Desorption of EPS

Following adsorption and coprecipitation at pH 4.5, the
respective complexes were dispersed in OC-free background
electrolyte. Across the complete data set (irrespective of
treatment), fractional OC desorption increased with
decreasing initial molar Al:C ratio (Fig. 5). The pooled
desorption data follow an exponential function, suggesting
only a small desorbed fraction at initial molar Al:C ratios
>0.80, which translates into OC concentrations less than
about 27 mg/g Al(OH)3(am). Within the set of coprecipitate
samples, OC desorption appeared independent of the initial
molar Al:C ratio. At comparable initial molar Al:C ratios
(<0.2), coprecipitates released significantly more OC than
did the adsorption complexes (>20% difference). Aluminum
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concentrations in the desorption solutions were low for the
coprecipitates (<30 lM; molar Al:C ratios <0.01), suggest-
ing that the larger fractional OC release was not caused by
dispersion of Al–EPS complexes but rather fostered by the
weaker bondings involved in the coprecipitation process
(see Section 4.3).

3.5. Biodegradation of EPS

During the 1100 h incubation, 70 ± 2% of the EPS-C
was mineralized in aqueous solution in the absence of
added Al species. The overall stabilization of EPS by
adsorption or coprecipitation was assessed by summing
the biodegradation over the same 1100 h time period of so-
lid-phase (adsorption or coprecipitation complexes) plus cor-
responding aqueous-phase (non-sorbed) EPS after reaction
with Al species. Overall mineralization data were fit to a
one-pool decay model (Table 2). In most treatments,
adsorption and coprecipitation resulted in overall stabiliza-
tion of EPS against microbial decay as revealed by the
smaller extent of mineralization when compared to EPS
alone (Fig. 6) The overall biodegradation of EPS-C
(A1100h) decreased with increasing initial molar Al:C ratio
(Fig. 7A). Statistically significant stabilization of EPS-C
was initiated at much lower molar Al:C ratio for coprecip-
itation (0.01) relative to adsorption (0.53). As a result,
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coprecipitation appeared more efficient than adsorption in
stabilizing EPS-C against biodegradation at a comparable
initial molar Al:C ratio of 0.2. Increasing the initial Al:C ra-
tio in the adsorption treatment (up to 1.86) by adding more
Al(OH)3(am) sorbent resulted in overall EPS stabilization
that finally exceeded that of the precipitation products.
Fig. 7B, however, illustrates that the overall biodegradation
was a linear function of the solid-phase partitioning of EPS,
Table 2
Mineralization results (at 1100 h) for the unreacted EPS and also for EP
parameters for the one-pool degradation model (Eq. (6)) fitted to either
products (overall mineralization) or (ii) solid-phase EPS only (minerali
(adsorption) or Al(aq) (coprecipitation).

Initial molar Al:C A (%) SE

Overall mineralization

EPS � 70.03 1.67
Adsorption 0.05 71.47 3.73

0.13 76.53 3.19
0.27 67.39 3.25
0.53 49.60 1.43
0.80 33.04 0.37
1.07 27.18 1.85
1.33 20.42 1.20

Coprecipitation 0.01 64.09 1.76
0.02 65.59 1.09
0.05 57.29 1.41
0.075 62.54 1.33
0.10 52.22 1.23
0.2 46.45 1.86

Mineralization of solid-bound EPS

Adsorption 0.05 93.43 12.51
0.13 65.88 8.34
0.27 22.04 1.67
0.53 1.25 0.31
0.80 0.42 0.03
1.07 0.25 0.06
1.33 0.41 0.09

Coprecipitation 0.01 31.24 0.80
0.02 18.79 0.61
0.05 45.03 1.52
0.075 49.66 4.77
0.10 57.23 0.64
0.20 53.04 2.43
irrespective of the mode of association (adsorption versus
coprecipitation).

Fig. 8 depicts the relative contribution of solid and the
solution phase EPS to overall mineralization. Mineraliza-
tion of the non-sorbed EPS remained at a high level
(P60%) in the adsorption treatments whereas that of ad-
sorbed EPS decreased markedly to <1% with increasing
molar Al:C ratio (Fig. 8). No such trends were observed
for the coprecipitates. At larger initial molar Al:C ratios,
mineralization values for precipitated EPS were compara-
ble to those for non-sorbed fractions.

Table 2 shows that the one-pool degradation model
when applied to the adsorption complexes alone at high
initial molar Al:C ratios results in poor fits (low r2) due
to negligible mineralized EPS. A sigmoid-like relation was
observed between the percentage of desorbable OC and
the modeled maximal extent of biodegradation (Amax) for
the solid-phase adsorption and coprecipitation complexes
(Fig. 9). The decay rate constants, however, were not corre-
lated with OC desorption. Conversely, a trend of faster
degradation kinetics with decreasing OC desorbability
was apparent for the adsorption complexes (Fig. 10), sug-
gesting that in the case of minor mineralization of adsorbed
EPS, a small portion of labile EPS was decomposed
quickly.
S products of adsorption or coprecipitation. Data include best fit
(i) the summed mineralization of solid-bound and non-sorbed EPS
zation of solid bound EPS), following reaction with Al(OH)3(am)

Amax (%) SE k (1/h) SE r2

74.05 3.84 0.0054 0.0007 0.98
75.93 2.92 0.0049 0.0004 0.95
80.61 2.88 0.0045 0.0004 0.96
71.38 2.81 0.0048 0.0005 0.95
52.30 1.81 0.0053 0.0005 0.96
33.06 1.00 0.0071 0.0006 0.96
26.77 1.20 0.0062 0.0007 0.92
21.85 1.03 0.0057 0.0007 0.93
67.90 1.80 0.0051 0.0003 0.98
69.47 2.53 0.0041 0.0003 0.97
61.49 2.46 0.0033 0.0003 0.97
68.58 3.37 0.0028 0.0003 0.96
54.67 2.17 0.0033 0.0003 0.97
51.62 2.91 0.0028 0.0003 0.95

111.00 21.02 0.0020 0.0007 0.89
79.08 18.16 0.0020 0.0008 0.84
22.66 2.00 0.0036 0.0007 0.92
1.48 0.10 0.0358 0.0155 0.47
0.67 0.08 0.0468 0.0400 0.14
0.38 0.05 0.0389 0.0326 0.07
0.32 0.07 0.0096 0.0071 0.22

36.23 6.29 0.0022 0.0007 0.90
21.32 3.02 0.0025 0.0007 0.92
58.74 14.42 0.0015 0.0006 0.91
58.75 6.92 0.0019 0.0004 0.96
69.53 10.55 0.0017 0.0004 0.94
65.57 16.74 0.0018 0.0008 0.86
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During incubation of solid-bound EPS, the pH in-
creased by up to 2.6 units. The pH increase (0.3–2.6) was
larger for those adsorption samples containing more EPS.
Since the pH increase (DpH) for adsorption samples was
positively correlated with the extent of OC desorption
(r2 = 0.81; p < 0.01; n = 7), we infer that desorption and
subsequent protonation of EPS is likely to explain the ob-
served pH shifts during incubation. Proton consumption
by dissolution of Al phases (3 mol H+ for 1 mol Al3+) addi-
tionally contributes to the pH increase during incubation.
For coprecipitates, no such pH trend was apparent; pH val-
ues increased from 4.5 to nearly constant pH 6.9 ± 0.2.
Greater solid-bound EPS mineralization was observed for
samples where the pH increase during incubation was larger
(Fig. 11).

The two adsorption complexes examined by XPS after
incubation showed that biodegradation of adsorbed EPS
decreased C and N concentrations and exposed Al(O-
H)3(am) surfaces, as shown by increasing atomic Al:C ratios
(Table 3). Notably, the atomic C/P ratio decreased signifi-
cantly upon biodegradation, suggesting P-containing con-
stituents being less subject to microbial utilization.
3.6. Effect of dissolved Al on biodegradation

Aqueous solutions deriving from incubation of
coprecipitated EPS showed low Al concentrations
(<0.11 mmol/L) whereas those from incubation of adsorp-
tion complexes had concentrations up to 1 mmol/L at the
highest molar Al:C ratio. Scheel et al. (2008) observed no
toxic effects of Al(aq) on microbial activity at concentrations
up to 0.45 mmol/L at pH values of 3.8 and 4.5. Thus, we
cannot fully exclude potential toxic effects on EPS mineral-
ization for adsorption samples produced at the two largest
molar Al:C ratios of 1.07 and 1.33 (which gave aqueous Al
concentrations of 0.67 and 1.0 mmol/L, respectively). Alu-
minum toxicity is not, however, a satisfactory explanation
for biodegradation trends. Given that the extent of EPS
mineralization for adsorption complexes dropped rapidly
with increasing molar Al:C ratio, with a large effect even
for ratios much lower than those that produced significant
dissolved Al (Fig. 12), we infer that EPS biodegradation
was more restricted by desorption than Al toxicity. This
is also supported by the clear relationship between EPS-C
desorption and mineralization. Moreover, pH values at
the end of incubation were >5.0 in most adsorption
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treatments and, thus, only a fraction of total Al(aq) was
present as toxic monomeric Al species.

3.7. X-ray photoelectron spectroscopy

Fig. 13 shows the XPS survey spectra of the unreacted
EPS. Quantification revealed 56 atom% C, 11 atom% N,
and 2 atom% P, resulting in C:N and C:P ratios of 5.2
and 26.9, respectively. Following adsorption reaction at a
molar Al:C ratio of 0.53, the C:N ratio of adsorbed EPS re-
mained similar (6.5) to that of unreacted EPS, while the C:P
ratio was reduced from 27 to 15, indicating preferential
adsorption of P-containing biomolecules. At larger initial
molar Al:C ratio (1.33), the C:N ratio as well as the C:P ra-
tio of adsorbed EPS approached that of unreacted EPS
(Table 3). Whereas the C:N ratios of coprecipitates were
again comparable to those of the unreacted EPS, the atomic
C:P ratios were markedly smaller. The surface enrichment
of C and N, which was calculated from the quotient of
XPS- and elemental analysis-derived C and N concentra-
tions (i.e., C,NXPS/C,Nelemental), suggests potential modes



Table 3
Bulk composition and chemical environments of carbon and nitrogen in unreacted EPS and its adsorption and coprecipitation complexes as
revealed by XPS.

Sample Initial molar
Al:C ratio

Treatment Oa Ca Na Pa Ala C/N C/P Al/C Surface
enrichmentb

atom% C N

Al(OH)3(am) – – 63.33 6.78 BDLc BDL 29.89 – – – – –
EPS – – 31.42 55.82 10.69 2.08 BDL 5.2 27 – 1.18 1.12
Adsorption 0.53 Pre-incubation 51.80 22.93 3.55 1.55 20.17 6.5 15 0.9 5.97 5.29
Adsorption 0.53 Post-incubation 54.63 19.04 3.04 1.87 21.41 6.3 10 1.1 9.47 NDd

Adsorption 1.33 Pre-incubation 51.67 23.32 3.02 0.94 21.05 7.7 25 0.9 7.43 5.18
Adsorption 1.33 Post-incubation 55.99 17.83 2.02 0.94 23.23 8.8 19 1.3 6.84 ND
Coprecipitation 0.02 – 30.24 55.38 7.70 3.46 3.22 7.2 16 0.1 1.39 1.81
Coprecipitation 0.20 – 38.34 42.43 7.18 3.69 8.35 5.9 11 0.2 2.07 2.15

Sample Initial molar
Al:C ratio

Treatment C–(C,H)/C C–(O,N)/C C@O/C O–C@O/C N–C@O/N NH2/N

N–C@O/C NH3
+/N

285.0 eV 286.6 eV 288.2 eV 289.3 eV 400.0 eV 401.7 eV

EPS – – 0.492 0.394 0.073 0.041 1.000 BDL
Adsorption 0.53 Pre-incubation 0.612 0.244 0.062 0.082 1.000 BDL
Adsorption 0.53 Post-incubation 0.678 0.157 0.081 0.084 1.000 BDL
Adsorption 1.33 Pre-incubation 0.698 0.196 0.049 0.057 1.000 BDL
Adsorption 1.33 Post-incubation 0.650 0.204 0.062 0.083 1.000 BDL
Coprecipitation 0.02 – 0.520 0.392 0.038 0.051 1.000 BDL
Coprecipitation 0.20 – 0.594 0.281 0.060 0.064 1.000 BDL

a Corrected for traces of Na and Cl.
b Surface enrichment = C or N (XPS)/C or N (elemental analysis).
c BDL, below detection limit.
d ND, not determined.
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of Al–organic bonding (Mikutta et al., 2009). Enrichment
factors between 5 and 7 for the adsorption complexes sug-
gest that C and N largely accumulated at the surface of
Al(OH)3(am) particles/aggregates. In contrast, the smaller
surface C and N enrichments in coprecipitates (1.4–2.2)
indicate a much more intimate mixing of the inorganic
and organic phase at the nanometer depth scale probed
by XPS.

The core-level carbon peak was deconvoluted into four
spectral regions (Omoike and Chorover, 2004; Leone
et al., 2006): (1) aliphatic C–C and C–H bondings (C–C,
C–H), (2) carbon with a single bond to either oxygen or
nitrogen (C–O, C–N) as in carbohydrates and amines, (3)
carbon with double bonds to oxygen like in aldehydes, ke-
tones, or amides (C@O, O@C–N), and (4) carboxylic car-
bon with three bondings to oxygen (O–C@O). The largest
C fraction of unreacted EPS (0.492) belonged to aliphatic
C as present in proteins and fatty acids followed by single
bonded C–O or C–N carbons (0.394) as mainly constituting
carbohydrates and proteins; carboxylic carbons only made
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a minor fraction (0.041) (Fig. 13). We reported similar pro-
portions for B. subtilis EPS previously (see Table 3 in
Omoike and Chorover, 2004), and comparable values have
been reported for EPS extracted from mixed cultures pres-
ent in activated sludge (Badireddy et al., 2010). Adsorption
and coprecipitation altered the chemical composition of
surface-bound EPS. Almost all treatments showed an in-
crease (relative to unreacted EPS) in aliphatic and carboxyl
C (Table 3) in the outermost sorbed regions that are probed
by the XPS incident beam. As a result, carbon bound to
oxygen or nitrogen via single bonds (C–O, C–N) decreased.
The same trend was observed even when the narrow-scan C
peak was charge referenced to the 285 eV signal in the
survey spectrum rather than to the 400 eV N peak. This
suggests that the observed fractionation pattern was inde-
pendent of the correction operandi and truly represents
fractionation of EPS at outer particle surfaces.

3.8. Transmission infrared spectra of non-sorbed EPS

The spectra of dissolved unreacted EPS revealed four
distinct broad absorption bands assignable to (i) valence
and deformation vibrations of C@O, N–H, C–N and –
CO–NH– groups in the amide I (m = 1654 cm�1) and amide
II region (1544 cm�1), (ii) symmetric stretching of C–O in
carboxylate groups (ms = 1404 cm�1), and (iii) ring vibra-
tions of C–O–C in polysaccharides as well as symmetric
stretching vibrations of P@O in the phosphodiester back-
bone of nucleic acids (ms = 1070 cm�1; Table 4). Fraction-
ation of EPS upon adsorption and coprecipitation is
evident from the fact that band intensities for EPS remain-
ing in solution were altered relative to unreacted EPS
(Fig. 14). The amide I band (C@O) of protein constituents
increased post-reaction for solution-phase EPS relative to
the polysaccharide bands, whereas the amide II band (N–
H) decreased and almost completely disappeared at high
Al:C ratios. Intensities of asymmetric (present as a hump
between amide I and amide II) and symmetric carboxylate
(COO�) stretching bands decreased significantly, consistent
with carboxyl uptake to the Al surface. The absorption
bands between �950 and 1100 cm�1 indicative of polysac-
charides and the peak at 1235 cm�1 corresponding to
mas(PO2

�) also decrease (e.g., in comparison to the amide
I band) after both adsorption and coprecipitation. The
strong absorption signal centered at 1070 cm�1 in the poly-
saccharide region decreased in all samples, giving rise to rel-
ative increases in residual peaks at 1055 and 1127 cm�1,
likely reflecting m(C–O–C) and m(C–O–P) as in polysaccha-
rides and phosphoesters. Noteworthy, the band at
�1470 cm�1 likely corresponding to d(CH2) is stronger in
the spectra following coprecipitation (Fig. 14), possibly
indicating that less alkyl chain components of EPS are
coprecipitated with Al. The FTIR solution data suggest
that Al(OH)3(am) and Al species have a stronger affinity
for polysaccharides, carboxylate, and phosphate groups,
whereas relative affinity for proteins is less clearly revealed.
These trends increased with increasing initial molar Al:C
ratio (Fig. 14).

3.9. DRIFT spectra of EPS adsorbed to Al(OH)3(am)

The DRIFT spectra of adsorbed EPS are distinct from
that of unreacted EPS in several regions, indicating selective
uptake of particular EPS moieties. Adsorbate spectra are
characterized by distinct signals in the amide I and II



Table 4
FTIR spectroscopy: band assignment in cm�1 according to Omoike and Chorover (2004, 2006) and references therein.

1660 mC@O of amides associated with proteins (amide I)
1544 dN–H and mC–N in –CO–NH– of proteins (amide II)
1449 dsCH2, and dC–OH
1403 msC–O of COO� groups
1242 masP@O of phosphodiester backbone of nucleic acid (DNA and RNA); may also be due to phosphorylated proteins
1127 O–H deformation, mC–O, ring vibrations of polysaccharides
1078 msP@O of phosphodiester backbone of nucleic acid (DNA and RNA), and phosphomonoesters (C–O–P). Also phosphorylated

proteins and C–OH stretch
920 Asymmetric ester O–P–O stretching modes from nucleic acids
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Fig. 14. Transmission IR spectra of dissolved unreacted EPS (before reaction) and non-sorbed EPS (after reaction), i.e., the fraction of EPS
that remained in solution and neither adsorbed nor precipitated at the selected initial molar Al:C ratios.
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region, reflecting the adsorption of protein components
(Fig. 15). To quantify relative changes between unreacted
and adsorbed EPS, we integrated selected spectral regions
in the 800�1800 cm�1 range after fitting a Shirley-
background and normalizing each full spectrum to unity
absorbance (Unifit 8.0; Hesse et al., 2003). Integrated peak
areas were obtained for the following functional units:
polysaccharide/organic P (900�1200 cm�1), amide I
(1600�1750 cm�1), amide II (1500�1600 cm�1), and car-
boxylate groups (1385�1425 cm�1). The contribution of
amide II resonances declined somewhat with increasing mo-
lar Al:C ratio relative to the amide I region (Table 5). The
peak maximum of the polysaccharide and phosphodiester
region at 1072 cm�1 consistently shifted to higher frequen-
cies upon adsorption (Fig. 15). As a result, the prominent
ms(PO2) peak as observed in the spectrum of unreacted
EPS might be masked to some extent by this shift. While
spectral resolution in the 900�1200 cm�1 region generally
decreased (Fig. 15), the intensity in this region relative to
the amide I and II peak area increased (Table 5). This indi-
cates that polysaccharide components were selectively re-
tained on Al(OH)3(am) surfaces, which agrees well with the
diminished intensity of the same vibrations in transmission
IR spectra of non-sorbed EPS. Symmetric stretching vibra-
tions of carboxylate groups remained located at 1405 cm�1

without apparent shift in peak position. The carboxylate/
(amide I + II) peak area ratio also remained about constant
in adsorbed EPS (0.11�0.13).
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Fig. 15. DRIFT spectra of freeze-dried EPS and EPS adsorption
complexes before and after incubation. Both adsorption and
incubation were conducted at initial pH 4.5. The mass ratio (wt.
Al(OH)3(am): wt. EPS) for the initial molar Al:C ratios were 2.5
(0.38), 10 (1.54), and 25 (3.85).
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The DRIFT spectra of EPS following incubation were
similar to those of adsorbed EPS (Fig. 15). While it is not
clear to which extent fresh biomass contributes to the sig-
nals, the most apparent difference relates to a decrease of
the amide I signal at �1650 cm�1 and a relative increase
in carboxylate (1400 cm�1), which is also reflected by an
increasing ratio of carboxylate/(amide I + II). At the same
time, the (amide I + II)/polysaccharide ratio decreased in
all incubation treatments, possibly suggesting a larger sta-
bility of polysaccharides and organic P compounds com-
pared with proteins. A larger stability of organic P
compounds is also suggested by post-incubation XPS,
showing smaller atomic C/P ratios when compared with
the unreacted EPS (Table 3).
4. DISCUSSION

4.1. EPS adsorption versus coprecipitation

EPS represents a mixture of biomolecules, each of which
contain a diversity of functional groups that influence the
nature of their reactions with Al(OH)3(am) and dissolved
Al species. In the pH range studied for EPS coprecipitation
(3.8 and 4.5), soluble Al likely exists as Al3+ complexed
with EPS with minor contributions of AlHPO4

+, AlOH2+,
and Al(OH)2

+ (assuming a Gaussian DOM model as sub-
stitute for EPS; Visual MINTEQ version 2.51; Gustafsson,
2006). Equilibrium calculations further suggest that at pH
3.8, Al(aq) concentrations are undersaturated with respect
to Al solid phases at the lowest molar Al:C ratios (0.01–
ca. 0.05), while at higher molar Al:C ratios (and at pH
4.5 for all initial Al:C ratios), Al(aq) concentrations were
supersaturated with respect to diaspore [a-AlO(OH)], thus
resulting in variable amounts of precipitated solids.

Significantly more OC was precipitated than adsorbed at
comparable Al:C ratios as a result of the greater accessibil-
ity of monomeric Al species to EPS ionizable functional
groups. Therefore, Al:C ratios in the coprecipitation case
represent a larger fraction of EPS-reactive Al. At low pH,
biomolecular charge neutralization by binding of protons
and Al reduces intra- and inter-molecular coulombic repul-
sion, rendering EPS molecules less water-soluble and
enhancing their flocculation (Tipping, 2002). In the pH
range 3.5–4.5, significant flocculation and precipitation of
Al- (and Fe-) natural OM complexes occur at low metal:C
ratios (>0.03) (Nierop et al., 2002), and the same was ob-
served in the current study for EPS, albeit to a different ex-
tent. Whereas Al removed >>50% of natural OM from
solution at pH 4.5 and molar Al:C ratio of >0.05, (Jansen
et al., 2003), only 33% of EPS-C was precipitated under
comparable conditions in this study. The molecular specia-
tion of Al is altered in such flocs, depending on incipient Al
and OH� activities, and Al:C ratio. Even at slightly acidic
or neutral pH, Al speciation in flocs formed in the presence
of natural OM might be limited to uncondensed monomers
and small oligomers (Masion et al., 1994, 2000). Ultimately,
the distribution of Al between monomeric or oligomeric
OM complexes versus colloidal precipitates also depends
on the relative saturation of aqueous solution with respect
to precipitates that may form during the time scale of the
experiment, after aqueous speciation (free monomeric ver-
sus OM-complexed Al) is accounted for.

At the smallest molar Al:C ratio (0.05), maximal surface
coverage following EPS adsorption was 0.5 mg C/m2 Al(O-
H)3(am). Similarly, synthetic goethite adsorbed maximally
�13 mg EPS-C/g (I = 1 mM, pH 6) or even less at higher
I, translating into a maximal surface C coverage of
�0.3 mg C/m2 (Omoike and Chorover, 2006). Fig. 16 di-
rectly compares the adsorption of EPS-C to Al(OH)3(am)

with that of OM-C derived from less and well humified or-
ganic soil layers (Schneider et al., 2010). The data suggest
that EPS from B. subtilis exhibit a similar sorption affinity



Table 5
Qualitative assessment of DRIFT spectra of EPS adsorbed to Al(OH)3(am) at various initial molar Al:C ratios after adsorption and after
subsequent incubation (n = 1). Each functional unit was obtained from averaging 350–400 scans.

Functional unit IR region
(cm�1)

Unreacted
EPS

Molar Al:C = 0.05 Molar Al:C = 0.53 Molar Al:C = 1.33

After
incubation

After
incubation

After
incubation

Integrated peak areas (a.u.)
COO� 1385–1425 19.63 15.36 37.24 19.94 32.41 26.10 36.28
Amide I 1600–1750 94.86 81.63 78.58 92.36 79.78 94.75 86.62
Amide II 1500–1600 67.96 57.23 79.27 66.32 79.62 73.86 89.40
Amide I + II 1500–1750 162.81 138.87 157.86 158.68 159.39 168.60 176.02
Polya + nucleic
acids

900–1200 68.74 94.20 168.37 107.73 111.77 122.24 118.90

Functional ratios

COO�/amide I 0.21 0.19 0.47 0.22 0.41 0.28 0.42
COO�/amide
I + II

0.12 0.11 0.24 0.13 0.20 0.15 0.21

COO�/Poly 0.29 0.16 0.22 0.19 0.29 0.21 0.31
Amide I/amide II 1.40 1.43 0.99 1.39 1.00 1.28 0.97
Amide I/Poly 1.38 0.87 0.47 0.86 0.71 0.78 0.73
Amide II/Poly 0.99 0.61 0.47 0.62 0.71 0.60 0.75
Amide I + II/Poly 2.37 1.47 0.94 1.47 1.43 1.38 1.48

a Poly, polysaccharide components.
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Fig. 16. Adsorption of EPS and forest floor-derived natural OM to
Al(OH)3(am) at different initial molar Al:C ratios. Data for natural
OM were taken from Schneider et al. (2010). The pH in each
experiment was 4.5. Note that the initial dissolved OC concentra-
tions (before adsorption) in the two experimental sets were
different: 40 mg/L (Schneider et al., 2010) versus 100 mg/L (this
study).
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to Al(OH)3(am) as forest floor OM, even exceeding the affin-
ity of Oa-derived OM (beech), which contains 22% aro-
matic C based on 13C NMR (Scheel et al., 2007). Given
such sorption characteristics, EPS of B. subtilis released
into soil will readily adsorb to reactive minerals, thus con-
ditioning mineral surfaces for microbial attachment and/or
other surface reactions.

4.2. Preferential adsorption and coprecipitation of EPS

components

Chemical fractionation of EPS during interaction with
minerals occurs as a result of the range in functional group
compositions and molecular masses of EPS components
(Liu and Fang, 2002; Omoike and Chorover, 2006). Carbon
and N were both adsorbed and precipitated in proportions
similar to their respective prevalences in unreacted EPS,
reflecting their location in similar (protein) structures. Con-
versely, organic P as contained in monoesters and diesters
of teichoic acids, phospholipids, or nucleic acids was prefer-
entially adsorbed and precipitated, in agreement with prior
results of EPS interaction with goethite (Omoike and Chor-
over, 2006) and phospholipid interaction with goethite and
hematite (Cagnasso et al., 2010). Interestingly, uptake of
organic S compounds was non-selective during adsorption,
but selective during coprecipitation. This suggests that the
steric accessibility of EPS functional groups to Al plays a
role in EPS fractionation. It is important to note that the
nature of EPS fractionation during sorption will also vary
with growth stages of microorganisms (e.g., exponential
versus stationary phase) because of the associated variable
contribution of major EPS components such as uronic
acids, proteins, and carbohydrates (Badireddy et al., 2010).

FTIR and XP spectroscopy provide complementary
molecular information about fractionation of EPS during
adsorption and coprecipitation. While diffuse reflectance
FTIR (DRIFT) probes bound EPS up to a sample depth
of several microns, XPS data are constrained to probing
the surficial 3�10 nm of the complexes due to the limited
escape depth of photoelectrons. DRIFT spectroscopy indi-
cates preferential sorption of polysaccharides and P-con-
taining structures, while proteins were less abundant in
the product solids. The partial exclusion of proteins during
both adsorption and coprecipitation is also revealed by
transmission FTIR of the post-reaction solution where
protein band intensities increased relative to other biomo-
lecular vibrations (Fig. 14). This result is in contrast to
findings of Omoike and Chorover (2006) who observed a
preferential adsorption of protein structures to goethite.
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This seems to reflect a difference in reactivity between the Al
and Fe bearing (oxyhydr)oxide surfaces, since the B. subtilis

EPS employed in both studies was obtained with the same
methodology. Although proteinaceous material may not
have been enriched in the bulk solids, the C1s XPS results
suggest that upon adsorption and coprecipitation, the con-
tribution of aliphatic (C–C) structures as present in proteins
and phospholipids increases (Table 3). We attribute this
finding to the enrichment of these components in proximity
to the particle surface (probed by XPS), and therefore at
larger distance from the mineral–organic interface, as pro-
teins have a weaker affinity towards direct bond formation
with Al(OH)3(am) and Al. Moreover, bacterial remains in
the outer regions of dehydrated adsorption and coprecipita-
tion complexes may contribute to the aliphatic signal at
285 eV (Fig. 1B and C). In any case, the data indicate that
the composition of freeze-dried EPS–mineral associations is
heterogeneous with distance from the mineral surface. Sim-
ilar findings have been obtained for mineral–organic associ-
ations in Hawaiian soils, where aromatic substances were
more enriched in proximity to the contact point of
mineral–organic bond formation and amide C structures in-
creased in prevalence with distance away from the mineral–
organic interface, i.e., towards the exterior surface of the
complex (Mikutta et al., 2009).

4.3. Mechanisms of EPS interaction with Al(OH)3(am) and Al

Under the experimental conditions employed, EPS neg-
ative-charge increases with pH due to proton dissociation
of carboxyl (pH 2.0–6.0), phospholipid (pH 2.4–7.2), and
phosphodiester (pH 3.2–3.5) groups (Martinez et al.,
2002). This gives rise to EPS electrostatic attraction to the
positively charged Al(OH)3(am) surface (and Al species)
since the point of zero charge of Al(OH)3(am) is between
pH 7 and 9 (Hsu, 1989). In the pH range 3.8–6.5 there
was no distinct pH dependence of EPS-C and EPS-N
adsorption to Al(OH)3(am). This suggests that C- and N-
containing EPS constituents (proteins, nucleic acids, poly-
saccharides) were proportionally removed from the solu-
tion phase. In contrast to C and N, there was a slight
decline in total P (organic P and phosphate) adsorption
with increasing pH, which might reflect stronger electro-
static or inner-sphere bondings of P containing constitu-
ents. The independence of EPS-C and EPS-N adsorption
from pH and the slight decline in EPS-P adsorption
matches the observation that pH-driven changes in adsorp-
tion of OM to variable-charge minerals frequently become
apparent at pH values >6 (Geelhoed et al., 1997; Yoon
et al., 2004). The contribution of strong bindings to the
adsorption of poly-anionic EPS is corroborated by the
missing I dependence for the adsorption of OC, total N,
and total P, indicating that counter-ions in the background
electrolyte (Na+ and ClO4

�) did not impair the overall
adsorption process, as well as by the less pronounced EPS
desorption (Fig. 9). The lack of dependence on I for EPS
adsorption contrasts, however, with previous findings of
B. subtilis-derived EPS adsorption to goethite (Omoike
and Chorover, 2006). Similar to the aforementioned study,
DRIFT spectroscopy indicates that carboxylic groups of
EPS (e.g., in sugar acids or proteins) were little involved
in surface complexation because adsorbed EPS showed nei-
ther an increase in the carboxylate peak at 1403 cm�1 nor in
new peaks (1390 or 1590 cm�1) assigned to metal-com-
plexed carboxylate (Chorover and Amistadi, 2001). Given
the strong adsorption of P-containing and polysaccharide
components, adsorption likely is controlled by inner-sphere
coordination of Al(OH)3(am) with phosphoryl-containing
compounds such as teichoic acids, phospholipids (Cagnasso
et al., 2010) or sugar acids, and weaker electrostatic interac-
tions with less acidic polysaccharide components.

In contrast to adsorption, coprecipitation of EPS by Al
revealed a significant pH and I dependence. More EPS (C,
N, P basis) were precipitated at higher pH (4.5 versus 3.8).
There are two possible explanations for this. First, at higher
pH, deprotonation of phosphate and carboxyl groups al-
lows for a more effective Al complexation and flocculation
of EPS. Second, formation of secondary Al hydroxide is ex-
pected to be more intense at pH 4.5 than at pH 3.8, as con-
firmed by aluminum speciation calculations (Visual
MINTEQ version 2.51). At pH 4.5 and the largest molar
Al:C ratio (0.2), initial Al(aq) concentrations were supersat-
urated with diaspore, resulting in solid concentration of
1.6 � 10�3 mol/L versus 1.2 � 10�3 mol/L at pH 3.8.
Hence, in addition to complexation with dissolved Al spe-
cies, a larger fraction of EPS adsorbed to newly formed
Al phases might explain the larger EPS precipitation at
higher pH. Unfortunately, the small quantity of precipi-
tated solids did not allow for further mineralogical analysis.

Adsorption of natural OM to minerals frequently in-
creases with increasing I due to compression of the electric
double layer (Lafrance and Mazet, 1989; Arnarson and
Keil, 2000). The reverse effect was observed for EPS copre-
cipitation. The apparent decline in precipitated OC and
total N (ca. �10%) and total P (ca. �20%) with increasing
I suggests that counter ions (Na+ and ClO4

�) effectively
screened the charges of EPS and Al. This reduced Al�EPS
binding and consequently decreased flocculation. The
screening effect is enhanced by the lower ion activity (c coef-
ficient) of Al3+ compared with Na+ at higher I. The pro-
nounced I-dependence of coprecipitation, overall, suggests
that weaker coulombic (cation/anion exchange and hydro-
gen bondings) or non-coulombic forces (van der Waals)
contribute much more to EPS coprecipitation than to
EPS adsorption. As a consequence, coprecipitated EPS
was also more easily mobilized than adsorbed EPS in the
desorption treatment (Fig. 5). The fact that no further dif-
ference was observed in OC, N, and P coprecipitation at
larger I (170 versus 1700 mM) could result from contraction
of the EPS at higher I (Omoike and Chorover, 2006), thus
minimizing the number of functional groups per molecule
involved in EPS–Al interaction.

4.4. Stability of adsorbed and coprecipitated EPS

Bacterial EPS, an intrinsically labile C source, was sig-
nificantly stabilized against microbial decay by both
adsorption to Al(OH)3(am) and coprecipitation with Al.
Summation of the mineralized fractions of solid-phase
and non-sorbed products of Al–EPS interaction indicates



) 80

100

Spruce Oi
Spruce Oa

Stabilization of microbial-derived organic matter 3151
that both adsorption and coprecipitation result in an over-
all stabilization, i.e., the total biodegradation was dimin-
ished relative to unreacted EPS. The same has been
observed for forest floor leachates (Oi, Oa) adsorbed to
Al(OH)3(am) (Schneider et al., 2010). This effect is limited
by reactive Al; at small Al:C ratios, stabilization of sorbed
OM is less pronounced. Increased C bioavailability with
decreasing molar Al:C ratio was also observed by Boudot
et al. (1989) for synthetic metal–organic complexes (citrate,
fulvic and humic acid-like materials) during a 44-day incu-
bation experiment (pH 5.4–5.6). The larger EPS biodegra-
dation in coprecipitates formed at low molar Al:C ratios
(<0.05) may additionally be caused by the larger contribu-
tion of labile Al�EPS complexes when compared with
coprecipitates formed at higher molar ratios.

In the case of adsorbed EPS, no net stabilization was ob-
served at initial Al:C ratios <0.53, corresponding to an
EPS-C content of >�30 mg/g Al(OH)3(am) or EPS loadings
of >0.3 mg/m2. For forest floor leachates, we recently ob-
served that for low suspension concentrations of Al(O-
H)3(am), co-adsorbed phosphate blocked sorption sites for
DOM molecules, thereby resulting in weaker mineral–
organic bonding and enhanced mineralization (Schneider
et al., 2010). Fig. 17 demonstrates that for the EPS adsorp-
tion complexes, the concentration of co-adsorbed
phosphate also increased with decreasing Al(OH)3(am)

availability up to �3.5 lmol/m2. Assuming complete sur-
face coverage of Al (hydr)oxide by phosphate to occur at
3.5–4.5 lmol/m2 (Borggaard et al., 2005), most sorption
sites were occupied by phosphate at Al:C <0.5. In addition
to blocking reactive surface aluminol groups, where EPS
functionalities could otherwise form inner-sphere com-
plexes via ligand exchange, phosphate adsorption also
diminishes long-range electrostatic attraction for EPS by
decreasing Al(OH)3(am) surface charge. Thus, competitive
phosphate adsorption gives rise to weaker mineral–organic
bonding overall. At larger molar Al:C ratios with less
competition by phosphate, strong attachment of EPS to
Al(OH)3(am) reduced desorption and rendered EPS less
bioavailable.

EPS detachment from Al-bearing solids was enhanced
by the weaker EPS–Al bonding that occurred with in-
Phosphate loading (µmol/m2)
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Fig. 17. Relationship between the loading of co-adsorbed phos-
phate and (i) the extent of mineralization of adsorbed EPS (A1100h)
and (ii) the initial molar Al:C ratio.
creased surface OC loading. Fewer ligand–metal bonds
and increased repulsive forces of solid-bound EPS (partly
by co-adsorbed phosphate) both favor EPS detachment
(Kaiser and Guggenberger, 2007) and thus biodegradation
(Mikutta et al., 2007). The pronounced EPS sorption–
desorption hysteresis also suggests that strong chemical
bonds render adsorbed EPS less prone to desorption while
weaker bonds in coprecipitates foster EPS mobilization and
mineralization. The observed correlation between desorp-
tion and mineralization (e.g., Fig. 9) supports the view that
free EPS serve as the principal energy and C source for
microbial decomposers. This is in agreement with mineral-
ization studies utilizing DOM and different minerals includ-
ing goethite, vermiculite, and pyrophyllite (Mikutta et al.,
2007) and Al(OH)3(am) (Schneider et al., 2010). In line with
the latter study, we also found that smaller Al:C ratios with
weaker mineral–organic bonding resulted in the largest in-
crease in pH during incubation, the greatest fractional re-
lease of EPS and, hence, greater mineralization. In
contrast, larger Al availability favors stronger bonds, less
variation in incubation pH, and thus, on average, less
desorption and mineralization (Fig. 11).

4.5. Extent of stabilization: EPS versus forest-floor OM

Although mineralization rates from different studies
cannot be quantitatively compared without ambiguity,
qualitative comparison provides a means to account for
the effectiveness of mineral surfaces in stabilization of
EPS and other OM types. In our comparison (Fig. 18),
we rely on adsorption complexes of Al(OH)3(am) with forest
floor-derived OM, being representative for temperate forest
ecosystems and spanning a wide range in chemical proper-
ties and biological stabilities (Schneider et al., 2010). For
example, the OM from an Oa horizon under spruce that
was rich in aromatic C (31%) exhibited low mineralization
(�10%; Schneider et al., 2010). In contrast, the correspond-
ing Oi horizon being relatively depleted in aromatic C (7%),
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Fig. 18. Comparison of the extent of mineralization of EPS in
complexes produced by adsorption and coprecipitation (this study)
with those of forest floor-derived OM adsorbed to Al(OH)3(am)

(Schneider et al., 2010). Note that the initial dissolved OC
concentrations (before adsorption) in the two experimental sets
were different: 40 mg/L (Schneider et al., 2010) versus 100 mg/L
(this study).
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was more mineralizable (�46%). The respective adsorption
complexes with Al(OH)3(am) were incubated under compa-
rable conditions as used in this study (initial pH 4.5; same
inoculum as in the EPS treatment).

Comparison of data sets from the two studies indicates
that the extent of EPS mineralization was consistent with
those of more structurally diverse forest floor OM types
at initial Al:C ratios of >0.1 (Fig. 18). In both cases, at
smaller initial molar Al:C ratios, OC mineralization was in-
creased due to enhanced competition effects (phosphate)
and electrostatic repulsive forces. This result clearly high-
lights the fact that, irrespective of OM source and inherent
recalcitrance (e.g., based on aromatic C content), mineral
surfaces can effectively decelerate microbial decomposition
if sufficient bonding sites are available and competition ef-
fects (e.g., with phosphate) are minimal. Moreover, miner-
alization rates of adsorbed and coprecipitated EPS are
similar to those of lignin-derived, aromatic DOM leached
from an Oa horizon that has been subsequently adsorbed
to goethite, pyrophyllite, and vermiculite (Fig. 19). This is
surprising given that pyrophyllite and vermiculite lack sig-
nificant permanent charge (pyrophyllite) or singly-coordi-
nated OH groups (pyrophyllite, vermiculite) and thus are
considered less reactive towards OM. Given comparable
mineralization of adsorbed EPS and OM from organic soil
layers at larger initial molar Al:C ratio (0.53), we conclude
that adsorption processes stabilize microbial EPS as effi-
ciently as is the case for plant-derived OM. This is an
intriguing result since effective attachment of EPS to miner-
als would initially imply a costly energy investment by
source microorganisms. However, such investment is rea-
sonable if a principal EPS function is, in fact, to condition
mineral surfaces for adhesion, biofilm formation, or the
acquisition of (mineral-hosted) nutrients.
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Fig. 19. Comparison of the mineralization rates (left y-axis) and
the extent of mineralization of EPS complexes (right y-axis)
produced by adsorption and coprecipitation (this study) with those
of forest-floor OM adsorbed to goethite, pyrophyllite, and
vermiculite at pH 4.0 (Mikutta et al., 2007). The latter data have
been obtained using the published mineralization curves, which
have been re-fitted with the one-pool degradation model (Eq. (6))
in order to facilitate comparison. Goodness of fits was reflected by
r2 values of 0.88�1.00.
5. IMPLICATIONS

Bacterial EPS fulfill important functions in soil environ-
ments such as attaching bacteria to mineral surfaces, pro-
tecting them from dehydration, or capturing nutrients.
Once exuded from the cell, a portion of EPS can be ad-
sorbed to minerals or flocculated by Al, thus being tempo-
rarily removed from the biological cycle. During both
adsorption and coprecipitation reactions, EPS become
fractionated with respect to structural components. Organ-
ic phosphorus compounds, like teichoic or nucleic acids,
preferentially react with Al(OH)3(am) and Al while no such
selectivity was observed for organic C and organic N.
Hence, EPS might represent an important source of stable
organic P in soils. Inner-sphere coordination of phos-
phoryl groups is a likely contributing factor. Overall weak-
er binding in coprecipitates results in enhanced
mobilization and, thus, microbial utilization of precipi-
tated versus adsorbed EPS (except at very low Al:C ra-
tios). The availability of sorption sites, operationalized as
initial molar Al:C ratio, was the master variable control-
ling the stability of solid-bound EPS. The stability of
EPS can vary dramatically from very low, as observed
for dissolved EPS to extremely high, for the case where
reactive minerals are present in sufficient quantity. There-
fore, the effect of EPS–mineral interaction on C stabiliza-
tion cannot, at present, be reliably assessed a priori when
the availability of sorption sites in soil is unknown. More
generally, a greater importance of such stabilized microbial
products can be expected in subsoil horizons where compe-
tition effects are minor (less C coverage) and where ele-
vated pH values favor precipitation of aqueous Al (and
Fe). The observed functional dependence between EPS
desorption and biodegradation confirms trends previously
observed in other mineral–(natural) OM systems. This
study also demonstrates that precipitation of EPS by dis-
solved Al can lead to significant EPS immobilization.
Although being intrinsically labile, strongly-bound EPS re-
sists biodegradation and, thus, might contribute to long-
term C sequestration in soils.
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