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Abstract

Recent work shows that microbially-derived compounds constitute a significant fraction of the soil organic matter (OM)
pool. These compounds include extracellular polymeric substances (EPS) whose mass can far exceed total microbial cell bio-
mass. Sorption of EPS to soil minerals occurs via adsorption and coprecipitation and contributes to the preservation of OM in
the soil environment. Little is known, however, about the sorption mechanisms of EPS and selective retention of different EPS
constituents on iron (oxyhydr)oxides, especially during EPS adsorption versus coprecipitation with these reactive soil phases.
This study examines how EPS interacts with the ubiquitous soil iron (oxyhydr)oxide ferrihydrite during EPS adsorption and
coprecipitation and whether these different EPS-mineral association pathways affect EPS sorption and selective retention, and
thus the mobility and fate of microbially-derived OM in the soil environment. We use several complimentary techniques to i)
examine EPS-carbon, EPS-nitrogen and EPS-phosphorus sorption and fractionation, ii) visualize spatial relationships
between EPS biomolecular classes and ferrihydrite using confocal laser scanning microscopy (CLSM), iii) determine EPS-
C speciation and chemical fractionation with ferrihydrite using X-ray photoelectron spectroscopy (XPS) and near-edge X-
ray absorption fine structure spectroscopy (NEXAFS), and iv) determine functional group interactions with ferrihydrite using
Fourier transform infrared spectroscopy (FTIR) combined with two-dimensional correlation spectroscopy (2D-COS) analy-
sis. Results show that the coprecipitation of EPS does not change the ferrihydrite mineralogy, as the main mineral phase for
EPS association, but it substantially increases the particle size of EPS-ferrihydrite. A substantial difference in the EPS mass
fraction associated with the ferrihydrite is observed between the adsorption and coprecipitation experiments at an initial
molar C/Fe ratio >1. The EPS-N is relatively enriched during the adsorption process, while more EPS-C and near-
complete EPS-P are fixed in the coprecipitation process. XPS results show that the surface of the ferrihydrite formed through
EPS adsorption is preferentially enriched with protein-like components, whereas, the surface of the ferrihydrite formed
through EPS coprecipitation is enriched with polysaccharide-like components, which is visually confirmed with CLSM
images. NEXAFS results reveal that the carboxylic/amide C-containing components are selectively retained during adsorp-
tion, with the aliphatic and O-alkyl C-containing components relatively enriched during coprecipitation. 2D-FTIR-COS
results indicate that during EPS adsorption on ferrihydrite the P@O functional groups are adsorbed faster than the amide
and carboxylate functional groups, while during EPS coprecipitation with ferrihydrite the opposite trend is observed. The
findings from this study indicate that the formation pathway of EPS-ferrihydrite associations substantially effects the sorption
mechanisms and selective retention of EPS and may thus affect the mobility and fate of microbially-derived carbon (C), nitro-
gen (N) and phosphorus (P) in soils. These new insights on EPS behaviour at the mineral–water interface might be used to
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evaluate how microbially-derived compounds like EPS are stabilized by iron (oxyhydr)oxides and how EPS-iron (oxyhydr)
oxide couplings might affect the reactivity and cycling of OM in natural environments.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Microorganisms are of great importance to the cycles of
many elements such as carbon, nitrogen and phosphorus
(Xu et al., 2013). In addition to their role in the degradation
of organic matter (OM), particularly plant-derived com-
pounds, microbial exudation products, biofilms and necro-
mass all contribute to soil OM as microbially-derived
compounds (Beveridge et al., 1997). In the past decade or
so, there has been a greater recognition that microbial
products may dominate inputs into soil OM pools, with
microbially-derived compounds recently estimated to
account for the primary constituents (50–80%) of soil OM
(Simpson et al., 2007; Liang and Balser, 2011; Miltner
et al., 2012; Kallenbach et al., 2016). Of particular interest
are extracellular polymeric substances (EPS), which are
produced continuously by microorganisms during their
growth and metabolism (Flemming and Wingender, 2010;
Flemming et al., 2016). The mass of these compounds can
far exceed (up to 500%) total microbial cell biomass (Or
et al., 2007; Chenu and Cosentino, 2011) and account for
80% of biofilm dry mass (Chenu, 1993). In general EPS
are hydrated, heterogeneous mixtures of biopolymers com-
posed predominantly of polysaccharides and proteins, with
nucleic acids and lipids as minor constituents (Guibaud
et al., 2008). These substances can control the biological
and physicochemical properties of biofilms, and offer
microorganisms protection against various environmental
stresses (dehydration, pollution, predation, etc.) (Costa
et al., 2018).

Once EPS are released into soil environments, the inter-
action between EPS and soil minerals can affect a broad
variety of biogeochemical processes. These include the for-
mation and growth of biofilms on soil substrates (Ma et al.,
2017; Wu et al., 2019), the aggregation, transformation and
stability of soil minerals (Lin et al., 2018; Huang et al.,
2020), and how these EPS-mineral composites interact with
essential elements and contaminants and control their fixa-
tion and ultimate mobility (Couasnon et al., 2019; Yan
et al., 2019). In particular, the sorption of EPS by soil min-
erals constitutes an important process for the retention and
stabilization of OM in soils, and in particular for the preser-
vation of polysaccharides, proteins and lipids (Kleber et al.,
2015). What is less clear however, is whether and how
changes in the way EPS is taken up by soil minerals effects
the sequestration of specific EPS constituents, and thus ulti-
mately the reactivity and cycling of OM in soils.

The sorption of EPS by soil minerals can occur via both
surface adsorption onto mineral particles and during the
coprecipitation of minerals with EPS, and is a key process
in the stabilization of EPS against microbial degradation
in soils (Omoike and Chorover, 2006; Mikutta et al.,
2011). The heterogeneous composition of EPS leads to a
complex sorption behaviour. Adsorption of EPS onto soil
mineral surfaces (goethite, montmorillonite and kaolinite)
tends to follow a reverse adsorption pH edge, with decreas-
ing adsorption with increasing pH (Lin et al., 2016).
Adsorbed amount of EPS also decreases with decreasing
ionic strength (Cao et al., 2011), indicating that at least
some part of the EPS-mineral association occurs via
outer-sphere electrostatic interactions (Omoike and
Chorover, 2006). Adsorption of EPS onto goethite how-
ever, is dominated by inner-sphere ligand exchange reac-
tions between surficial Fe-OH groups and P-containing
EPS functional groups (Omoike and Chorover, 2006;
Fang et al., 2012). Coprecipitation of EPS with soil miner-
als is less investigated but is a key phenomenon in a variety
of soil processes, such as mineral formation and transfor-
mation induced by microorganisms (Chan et al., 2009;
Jubb et al., 2018). It is also likely to play an important role
in the sorption, retention and stabilization of OM by min-
erals. In particular, it is often observed in natural soils and
sediments that carbon-mineral couplings have C/Fe molar
ratios far in excess of those expected for adsorption, sug-
gesting that coprecipitation of OM into mineral pore spaces
and aggregates might be a dominant control on OM reac-
tivity and cycling (Kaiser and Guggenberger, 2007; Wagai
and Mayer, 2007; Lalonde et al., 2012). Indeed, coprecipi-
tation of Bacillus subtilis-derived EPS with Al (hydr)oxides
is shown to reduce mineralisation rates (Mikutta et al.,
2011).

During the sorption of EPS by soil minerals, EPS
extracted from liquid cultures often undergoes chemical
fractionation of the EPS constituents (Poggenburg et al.,
2018b). During adsorption to goethite, EPS extracted from
B. subtilis is chemically and physically fractionated, with
preferential adsorption of proteins, particularly those with
high-molecular weight, and phosphorylated macro-
molecules (Omoike and Chorover, 2004; Omoike and
Chorover, 2006). During adsorption to ferrihydrite and
bentonite, preferential adsorption of P-rich and high-
molecular weight EPS components is observed on ferrihy-
drite, compared to selective retention of N-rich and low-
molecular weight EPS components on bentonite (Mikutta
et al., 2012). During both adsorption and coprecipitation
on Al hydroxide, there is preferential sorption of nucleic
acids and polysaccharides, with an affinity for proteins less
clearly observed (Mikutta et al., 2011).

Whilst the sorption and subsequent fractionation of
EPS have been investigated with a variety of soil minerals,
the sorption behaviour of EPS via its adsorption and
coprecipitation with ferrihydrite remains comparatively
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poorly known. This is problematic because ferrihydrite is
ubiquitous in soils and possesses an extremely high sorp-
tion capacity as a result of its nanoparticulate nature, high
surface area and reactivity, and is commonly found asso-
ciated with OM (Cismasu et al., 2011; Basile-Doelsch
et al., 2020). The sorption behaviour of EPS with ferrihy-
drite might be similar to the sorption of low molecular
weight organic moieties and natural OM with ferrihydrite,
short-range-ordered Fe (oxyhydr)oxides and bateriogenic
Fe oxides, the latter of which are commonly found to con-
sist of ferrihydrite adsorbed and coprecipitated with OM
(Ferris, 2005; Fortin and Langley, 2005). During coprecip-
itation with ferrihydrite, the sorption of organic moieties
chosen as model EPS compounds is higher for polymers
with more carboxyl C (polygalacturonic acid > algi-
nate > xanthan) (Mikutta et al., 2008). A range of organic
moieties with differing complexity and natural OM iso-
lated from a variety of terrestrial environments also sorb
to ferrihydrite, short-range-ordered Fe (oxyhydr)oxides
and bateriogenic Fe oxides via carboxyl functional groups
(Gu et al., 1994; Gu et al., 1995; Kaiser and
Guggenberger, 2000; Lv et al., 2016; Sowers et al., 2018;
Sowers et al., 2019). Scanning transmission X-ray micro-
scopy (STXM) analysis shows however, that during copre-
cipitation of natural OM with ferric iron, different
functional groups are sorbed in spatially distinct regions,
but that polysaccharide OM strongly spatially correlates
with Fe (oxyhydr)oxides and binding strength is positively
correlated to the presence of polysaccharide carboxyl C
(Henneberry et al., 2012). During iron biomineralization,
STXM analysis also shows that polysaccharide carboxyl
groups bind with ferric iron to produce bacteriogenic iron
oxides (Chan et al., 2009). These studies suggest therefore
that EPS sorption to ferrihydrite will depend on the inter-
action of specific functional groups with the mineral par-
ticles, and that in particular, carboxyl groups might play
an important role in EPS sequestration. It remains to be
determined however, which functional groups are impor-
tant for EPS adsorption and coprecipitation with ferrihy-
drite, and whether these different EPS-mineral association
pathways effect EPS sorption and selective retention.

This study determines the sorption mechanisms and
selective retention of EPS during its adsorption and copre-
cipitation with ferrihydrite. Our objectives are four fold and
we achieve these using several complimentary techniques: i)
To compare bulk EPS-C, EPS-N and EPS-P sorption and
fractionation in EPS-ferrihydrite adsorption complexes
and coprecipitates; ii) To visualize the spatial distribution
of biomolecular compound classes in EPS-ferrihydrite
adsorption complexes and coprecipitates using confocal
laser scanning microscopy (CLSM); iii) To determine the
organic C speciation, likely functional group interactions
and thus the chemical fractionation of EPS components
in EPS-ferrihydrite adsorption complexes and coprecipi-
tates using X-ray photoelectron spectroscopy (XPS) and
C 1s near edge X-ray absorption fine structure spectroscopy
(NEXAFS); and iv) To further explore functional group
interactions and determine the order in which different
groups interact with the ferrihydrite particles in EPS-
ferrihydrite adsorption complexes and coprecipitates using
Fourier transform infrared (FTIR) spectroscopy combined
with two-dimensional correlation spectroscopy (2D-COS).
Our investigation provides new information on the sorption
and selective retention of EPS with ferrihydrite, with impli-
cations for EPS stability during microbial degradation and
thus the mobility and fate of C, N and P in the soil
environment.

2. MATERIALS AND METHODS

2.1. Extraction and characterization of extracellular

polymeric substances

Extracellular polymeric substances (EPS) were extracted
from Bacillus subtilis SBE1 (China Center for Type Culture
Collection, CCTCC AB 2018210). The Bacillus genus is not
only widely known to produce biofilms and EPS, and be the
dominant soil aggregating bacteria (Costa et al., 2018), but
EPS extracted from Bacillus is also commonly used as a
representative EPS substance in biofilm and EPS research
(Liu et al., 2013; Kovács, 2019). This specific strain has
been isolated from soil and studied in our previous work
where it can form biofilms in the presence of soil iron oxides
(Ma et al., 2017). B. subtilis SBE1 were added to LB-
Lennox Medium (5 g L�1 yeast extract, 10 g L�1 tryptone,
5 g L�1 NaCl) under aerobic conditions. The cells were
incubated at 28 �C and 180 rpm in flasks placed on a hori-
zontal shaker until the early stationary (24 h) growth phase
(Omoike and Chorover, 2006). EPS was isolated from the
suspension solution as described by Lin et al. (2016).
Briefly, the bacterial cells were removed from the suspen-
sion by centrifugation (5000g, 15 min, 4 �C). The decanted
supernatant was centrifuged again (12,000g, 15 min, 4 �C)
to remove residual cells. EPS was precipitated from the col-
lected supernatant by adding cold reagent-grade ethanol at
a ratio of 1:3 (v/v supernatant/ethanol). After 48-h storage
at 4 �C, the precipitate was separated from the mixture by
centrifugation (12,000g, 15 min, 4 �C). To remove residual
medium and impurities including ethanol, the EPS pellets
obtained by centrifugation were dialyzed using cellulose
membranes (Spectrum, 3500 MWCO). After 72-hour dialy-
sis with three changes of Milli-Q water per day, the purified
EPS solution was freeze-dried and stored at 4 �C until use
(Omoike and Chorover, 2006).

Total organic C and N of the EPS were determined
using a multi N/C 2100 analyzer (Analytik Jena, Jena, Ger-
many). Total organic P of the EPS was determined via
digestion with potassium peroxydisulfate (K2S2O8) and
measurement using the molybdenum blue spectrophoto-
metric method (GB 11893–89). Polysaccharides were mea-
sured by the phenol–sulfuric acid method (DuBois et al.,
1956). Proteins were assayed by bicinchoninic acid (BCA)
protein assay kit (Biosharp, Anhui, China). Nucleic acid
was determined using a NanoDrop 2000 Spectrophotome-
ter (Thermo Scientific, Waltham, MA, USA). For each
measurement three sub samples of the EPS were chosen
randomly and the results are presented as the mean and
standard deviation of these three measurements.
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2.2. Preparation of ferrihydrite, adsorption complexes and

coprecipitates

Two-line ferrihydrite (Fh) was prepared by dripping
1 M NaOH into a solution of 0.1 M FeCl3 to reach a pH
of 7.5 (Cornell and Schwertmann, 2003; Dublet et al.,
2017). The procedure was performed rapidly (within
10 min) to avoid precipitation of akaganeite. Once the
desirable pH was achieved and remained steady, the sus-
pension was allowed to settle for three hours at 4 �C. After-
wards, the precipitate was centrifuged (4500g, 5 min), and
the supernatant was discarded. After five Milli-Q water
rinses, the resultant precipitate was resuspended in Milli-
Q water to obtain a concentrated stock suspension, which
was stored at 4 �C for use. Freshly synthesized Fh was used
within 1 week for adsorption experiments. The remaining
Fh was frozen in liquid nitrogen, freeze-dried and stored
at 4 �C under dry conditions.

For adsorption experiments, 100 mL of Fh slurry (0.96 g
L�1) was mixed with 50 mL of EPS solution containing 48–
1200 mg C L�1 under vigorous stirring in 10 mM NaCl
background electrolyte. An electrolyte of 10 mM NaCl
was chosen to facilitate comparison with previous work
(Mikutta et al., 2007). The molar C/Fe ratios of these initial
solutions were 0.2–5.0, and cover the range of molar C/Fe
ratios found in soil pore water of paddy soils (Katoh et al.,
2004), wetlands (Chin et al., 1998) and Fluvisol and Luvisol
(Fritzsche et al., 2015). The pH of the adsorption experi-
ments was set to 4.5 ± 0.1 by the dropwise addition of
dilute NaOH and HCl. For coprecipitation experiments,
100 mL of FeCl3�6H2O solution (0.01 M) was added to
pre-cleaned polyethylene bottles and mixed with 50 mL of
EPS solution containing 48–1200 mg C L�1 under vigorous
stirring in 10 mM NaCl background electrolyte. The molar
C/Fe ratios of these initial solutions (0.2–5.0) were the same
as in the adsorption experiments. The mixing of FeCl3 and
EPS was immediately followed by titration with freshly pre-
pared 0.1 M NaOH at a rate of 97 mL min�1 until a pH of
3.6–3.8 was reached. The obtained solution was then slowly
amended with NaOH until a final pH of 4.5 ± 0.1. This pH
favours the formation of coprecipitates in the presence of
dissolved OM (Eusterhues et al., 2011) and is close to the
pH conditions regularly occurring in temperate and tropical
soils (Wagai and Mayer, 2007). After 24 h of gently shaking
the coprecipitation and adsorption suspensions end over
end (90 rpm) at 20 �C in the dark (Omoike and Chorover,
2006; Chen et al., 2014), the suspensions were sedimented
for 3 hours at 4 �C and the supernatants were carefully col-
lected for analysis. The coprecipitates and adsorption com-
plexes were then dialyzed (Spectrum, 3500 MWCO) at 4 �C
in the dark until the electrical conductivity stabilized at �20
lS cm�1, in order to minimize structural changes and
aggregation regularly caused by centrifugation. The Fh
samples were then shock-frozen by dropwise injection of
the suspension into liquid N2, and subsequently freeze-
dried. Shock-freezing of small volumes of mineral suspen-
sions helps to reduce the effect of freeze-compaction caused
by cryosuction (Hofmann et al., 2004). All EPS adsorption
and coprecipitation experiments were performed in
triplicate.
2.3. Element fractionation during adsorption and

coprecipitation of EPS

To determine EPS-C, EPS-N and EPS-P sorption and
element fractionation during adsorption and coprecipita-
tion, the total organic C, N and P in the initial and post-
sorption solutions were determined as above (Section 2.1),
using a multi N/C 2100 analyzer (Analytik Jena, Jena, Ger-
many) (for C and N) and via digestion with potassium per-
oxydisulfate (K2S2O8) and measurement using the
molybdenum blue spectrophotometric method (GB 11893-
89) (for P). In addition, in order to study the bulk elemental
compositions of the samples, the total C and N content of
the adsorption complexes and coprecipitates were deter-
mined in an Elemental Analyser System (vario PYRO cube,
Elementar, Germany). For determination of Fe content, �5
mg of sample was dissolved in 2 mL of 36% HCl and
diluted with 1% (v/v) HCl to a total volume of 25 mL.
The Fe concentration was measured using an Agilent AA-
240FS flame atomic absorption spectrophotometer (Agilent
Technologies Inc., Santa Clara, CA, USA). For each ele-
mental analysis a sub sample from each triplicate adsorp-
tion and coprecipitation experiment was chosen randomly
and the results are presented as the mean and standard
deviation of these three measurements.

2.4. Structural characterization of ferrihydrite, adsorption

complexes and coprecipitates

X-ray diffraction (XRD) was used to verify the mineral
phase of the synthesized Fh, adsorption complexes and
coprecipitates. Diffractograms were obtained with a Bruker
D8 ADVANCE diffractometer with h-2h geometry using
Ni-filtered Cu-Ka radiation (k = 0.15418 nm) (Bruker
AXS Gmbh, Karlsruhe, Germany). The diffractometer
was equipped with a LynxEye detector and operated at a
tube voltage of 40 kV and a tube current of 40 mA. Scans
were performed over the 2h range of 5–80� with a step-
size of 0.02� and scan rate of 10� min�1. The microstructure
images of selected freezed-dried samples were collected on a
scanning electron microscope (SEM, Zeiss Merlin Com-
pact, Germany) at 10.00 kV using a beam spot diameter
of 20 lm. For XRD and SEM analyses a sub sample from
each triplicate adsorption and coprecipitation experiment
was chosen randomly and homogenized prior to measure-
ment. The pH-dependent electrophoretic mobility (EM)
of Fh, EPS, adsorption complexes and coprecipitates was
measured in 10 mM NaCl background electrolyte with a
Zetasizer Nano ZS Instrument (ZEN 3600, Malvern, UK)
equipped with a 633-nm laser. The EM of the adsorption
complexes and coprecipitates as a function of initial C/Fe
molar ratios was also determined at pH 4.5. The zeta poten-
tial was obtained from the EM using the Smoluchowski
equation (Sze et al., 2003). The particle size of Fh and
colloid-sized aggregates at pH 4.5 in 10 mM NaCl was
determined via static light scattering using the Zetasizer
Nano ZS particle sizing unit. The uniform sphere model
was applied. For EM and particle size measurements a
sub sample from each triplicate adsorption and coprecipita-
tion experiment was chosen randomly and homogenized
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prior to measurement, then the average measurement was
determined from 10 runs, with each run for EM including
12 cycles, and for particle size lasting for 60 s. The results
are presented as the mean and standard deviation of these
ten runs.

2.5. Fluorescence staining and confocal laser scanning

microscopy (CLSM) analysis

Selected Fh-EPS associations were stained with fluores-
cent dyes using the protocol described previously (Zhang
et al., 2015; Lin et al., 2016). Before staining, the associa-
tions were hydrated in 1.5 mL Eppendorf tubes with
0.1 M phosphate buffer saline (PBS) solution for 30 min
in the dark. 40,6-Diamidino-2-phenylindole dihydrochloride
(DAPI) solution (0.1 mg mL�1, 50 lL) was first added and
stirred on a shaker table for 30 min at room temperature.
Next, 0.1 M NaHCO3 buffer (50 lL) was added to maintain
the amine group in non-protonated form. Afterwards,
SYPRO Orange protein gel stain (100� diluted stock solu-
tion, 20 lL) was added and incubated for 1 h. Finally, Con-
canavalin A (ConA) (0.25 mg mL�1, 50 lL) was added and
incubated for 30 min. After each of the above-mentioned
three staining stages, the stained samples were washed three
times with PBS to remove the extra stain and then stored at
4 �C before any observation. Confocal laser scanning
microscopy (CLSM) (N-STORM, Nikon, Japan) was
employed to visualize the distribution of nucleic acids, pro-
teins and polysaccharides in Fh-EPS associations. These
samples were imaged using a �40 objective lens and pro-
cessed using NIS-Elements Viewer software (version 4.50).

2.6. X-ray photoelectron spectroscopy (XPS) analysis

To obtain the distribution of elements at the sample
near-surface (depth: 3–5 nm), XPS spectra of the freeze-
dried unreacted EPS, Fh, adsorption complexes and copre-
cipitates were recorded using an ESCALAB 250Xi system
(Thermo Scientific, United States). For XPS measurements
a sub sample from each triplicate adsorption and coprecip-
itation experiment was chosen randomly and homogenized
prior to measurement, and analyses were performed as
point measurements with multiple (6–7) scans of each
homogenized sample taken and averaged during software
analysis using the Thermo Scientific TM Avantage Soft-
ware (version 5.976). XPS of Fh was taken as a control.
The measurements were carried out under vacuum, and
used a monochromatic Al Ka X-ray source with a spot size
of 500 lm. For survey spectra, the pass energy was set as
100 eV with a step size of 1.00 eV. In order to obtain C
1s high-resolution spectra, the pass energy was set as
30 eV with a step size of 0.05 eV. The atomic composition
of the samples was estimated from integrating the core level
peaks C 1s, N 1s, O 1s, P 2p and S 1s, using the Avantage
Software. The atomic compositions are presented as the
mean value and standard deviation of the several scans
taken of each homogenized sample. The local chemical
environment of C within the top few nanometers of the
samples was determined with a least squares fitting scheme
to deconvolve the high-resolution spectra, using the Avan-
tage Software. Before normalizing and fitting the high-
resolution spectra to a Smart-type background, the
charge-induced shift was calibrated by assigning the C1s
peak to 284.8 eV. To specify different C oxidation states,
the C 1s peak was split into four sub-peaks, as suggested
by Omoike and Chorover (2004) and Poggenburg et al.
(2018): (i) carbon displaying bonds to carbon and hydrogen
in aliphatic and aromatic carbon (CAC, C@C, CAH; at
285.0 ± 0.1 eV), (ii) carbon displaying a single bond to oxy-
gen or nitrogen in carbohydrates and amines (CAO, CAN;
at 286.5 ± 0.2 eV), (iii) carbon displaying two bonds to oxy-
gen in amides, aldehydes and ketones (C@O, OACAO,
O@CAN; at 288.0 ± 0.1 eV) and (iv) carbon displaying
three bonds to oxygen in carboxylic carbon (OAC@O; at
289.1 ± 0.2 eV). Uncertainties on the atomic compositions
and deconvolution results for C functional groups are those
determined by the Avantage Software during the averaging
and deconvolution fitting routine.

2.7. Carbon 1s near edge X-ray absorption fine structure

(NEXAFS) analysis

To characterize the organic functional group chemistry,
C 1s NEXAFS was performed using the soft X-ray spec-
troscopy beamline (4B7B) at the Beijing Synchrotron Radi-
ation Facility (BSRF) (Beijing, China). A soft X-ray beam
from the 2.5 GeV electron storage ring was produced, and a
monochromator that was tunable over 1700–50 eV was illu-
minated by the beamline. For NEXAFS measurements a
sub sample from each triplicate adsorption and coprecipita-
tion experiment was chosen randomly and homogenized
prior to measurement, and multiple scans of each homoge-
nized sample were taken on randomly selected points and
averaged. The homogenized sub samples were freeze-dried
(�10 mg) and mounted onto a gold-plated sample disc
using double-sided adhesive Cu tape. The samples were
measured in a vacuum under 10�6 Pa. The C 1s K-edge
spectral signal was collected in total electron yield (TEY)
mode and recorded over the energy range 280–310 eV with
0.05–0.5 eV step sizes. The smaller step size (0.05 eV) was
selected at the energy level that can excite the core electron
of carbon (283–293 eV). A dwell times of 1–1.5 ms were
performed during stack measurements to avoid potential
beam damage. The spot size of the beam was approximately
1.0 � 0.1 mm under the operating conditions. Background
spectra were collected through the sample-free region of
the Cu tape. The NEXAFS data were semi-quantitatively
evaluated with a least squares fitting scheme to deconvolve
the normalized spectra. An arctangent function was fixed at
290 eV to model the ionization step. The full width at half
maximum of the bands was set as 0.4 ± 0.2 eV, and the
amplitude was fluctuated during the fitting process. Spectral
regions represented by Gaussian curves were described by
attributing them to the functional groups G1 to G8. The
positions of Gaussian curve components were confirmed
by examining previously measured standard spectra
(Kinyangi et al., 2006; Solomon et al., 2009), and the details
assigned to specific functional groups are shown in
Table A.2. Averaging, background subtraction, normaliza-
tion and deconvolution of the NEXAFS spectra were
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performed using the Athena program of the Demeter soft-
ware package (version 0.9.26) (Ravel and Newville, 2005).
Uncertainties on the deconvolution results for C functional
groups are those determined by the Athena software during
the deconvolution fitting routine.
2.8. Fourier transform infrared (FTIR) spectroscopy analysis

The freeze-dried EPS, Fh, adsorption complexes and
coprecipitates were characterized by Fourier transform
infrared spectroscopy (FTIR) on a Bruker Vertex 70 spec-
trometer (Bruker Optik GmbH, Ettlingen, Germany). For
FTIR measurements a sub sample from each triplicate
adsorption and coprecipitation experiment was chosen ran-
domly and homogenized prior to measurement, and multi-
ple scans of each homogenized sample were taken and
averaged during software analysis using the OPUS soft-
ware. The homogenized sub samples were mixed with
KBr (spectroscopy grade) at a mass ratio of 1:100 and then
pressed into discs with 13 mm diam. A total of 256 scans of
each sub-sample were recorded from 4000 to 400 cm�1 at a
resolution of 4 cm�1. Spectral analysis was performed by
using the OMNIC spectroscopy software (Thermo Scien-
tific) and the identity of the spectral peaks was made by
examining previously measured standard spectra summa-
rized in Table A.3. An automatic baseline correction was
applied to each spectrum before normalizing the summed
absorbance from 4000 to 400 cm�1. The normalized spec-
trum of pure ferrihydrite was subtracted from the spectra
of the adsorption complexes and coprecipitates. To quan-
tify relative changes in adsorbed and coprecipitated EPS,
the selected spectral regions within the range of 1800–
800 cm�1 are divided into the integrated peak areas of the
following functional units: polysaccharide/organic P
(1200–900 cm�1), amide I (1750–1600 cm�1), amide II
(1600–1480 cm�1) and carboxylate groups (1435–
1375 cm�1) (Fig. A.4).
2.9. Two-Dimensional Correlation Spectroscopy (2D-COS)

analysis

After smoothing and baseline correction of the FTIR
spectra, two-dimensional correlation (2D-COS) analysis
of the adsorbed and coprecipitated EPS was applied to
the FTIR spectra using the 2D-Shige software (version
1.3) (Kwansei-Gakuin University, Japan) (Noda and
Ozaki, 2004; Schmidt and Martı́nez, 2016; Yan et al.,
2016; Cai et al., 2018). The EPS concentration was used
as the external perturbation. To illustrate this technique,
an analytical spectrum U (v, t) is considered, which is a
function of a FTIR spectral variable v and a perturbation
variable t. A discrete set of dynamic spectra measured at
m points in time t between Tmin and Tmax can be expressed
as:

Uj mð Þ ¼ y m; tj
� �

j ¼ 1; 2; . . . ;m ð1Þ
while a set of dynamic spectra can be expressed as:

eU m; tð Þ ¼ U v; tj
� �� U

�
mð Þ ð2Þ
where �U(v) denotes the reference spectrum, which is typi-
cally the average spectrum and can be defined as:

U
�

mð Þ ¼ 1

m

Xm
j¼1

U m; tj
� � ð3Þ

The discrete Hilbert–Noda transform is used to generate
the synchronous U and asynchronous W correlation
intensities:

U m1; m2ð Þ ¼ 1

m� 1

Xn

j¼1

eU j m1ð Þ eU j m2ð Þ ð4Þ

W m1; m2ð Þ ¼ 1

m� 1

Xm
j¼1

eU j m1ð Þ
Xm
k¼1

Mjk
eU j m2ð Þ ð5Þ

where term Mjk corresponds to the jth column and the kth

raw element of the discrete Hibert-Noda transformation
matrix, and can be expressed as:

Mjk ¼
0 if j ¼ k

1
p k�jð Þ otherwise

(
ð6Þ

The intensity of a synchronous correlation spectrum U
(m1, m2) represents the simultaneous or coincidental changes
of two separate spectral intensity variations measured at v1
and v2 during the time interval between Tmin and Tmax of
the externally defined perturbation variable t. The intensity
of an asynchronous correlation spectrum w (v1, v2) repre-
sents sequential or successive, but not coincidental, changes
of two separate spectral intensity variations measured at v1
and v2 during the time interval between Tmin and Tmax of
the externally defined perturbation variable t.

The synchronous correlation spectrum U (m1, m2) con-
tains autopeaks located at the diagonal line of the matrix
(from the bottom left corner to the top right corner of the
spectrum), and cross peaks located above the diagonal line
(in the upper left region of the spectrum). Autopeaks repre-
sent the variation of the changes in the spectral intensities
corresponding to the locations under the perturbation vari-
able t. Cross peaks refer to the simultaneous changes of the
spectral variables observed at two different locations (v1 and
v2) under the perturbation variable t. Positive cross peaks
indicate that the two variables (v1 and v2) change in the
same direction, while negative cross peaks indicate that
the two variables (v1 and v2) change in the opposite
direction.

The asynchronous correlation spectrum w (v1, v2) only
shows cross peaks, which represent the sequence of the vari-
able (v1 and v2) changes under the perturbation variable t.
The rank order of intensity changes between two bands at
v1 and v2 can be analyzed from the signs of the synchronous
correlation peak U (v1, v2) and asynchronous correlation
peak w (v1, v2) based on previously established principles
(Noda and Ozaki, 2004; Domı́nguez-Vidal et al., 2006; Jia
et al., 2009). If U (v1, v2) and w (v1, v2) have the same signs,
the changes in the spectral intensity at band v1 will occur
prior to those at v2; if they have opposite signs, the changes
in the spectral intensity at band v2 will occur prior to those
at v1. If w (v1, v2) is zero then the changes at v1 and v2 will
occur simultaneously (Noda and Ozaki, 2004; Domı́nguez-
Vidal et al., 2006; Jia et al., 2009; Cai et al., 2018).
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Here, because the spectral intensity changes reflect the
sorption of the corresponding FTIR bands and thus the
corresponding EPS functional groups, then the order in
which the spectral intensity changes appear reflects the
order in which the FTIR bands and thus the corresponding
functional groups interact with Fh during adsorption and
coprecipitation.

3. RESULTS

3.1. Bulk sorption and mass fractionation of EPS during

adsorption and coprecipitation with ferrihydrite

The pure EPS extracted from Bacillus subtilis SBE1 is
composed of carbon (340.8 ± 5.2 mg g�1), nitrogen (58.8
± 1.3 mg g�1) and phosphorus (32.4 ± 1.1 mg g�1)
(Table A.1), resulting in C/N and C/P ratios of 5.8 and
10.5, respectively. Biochemical assays show a complicated
mixture of biomacromolecules consisting primarily of
polysaccharide (220.2 ± 9.4 mg g�1) and protein (152.3
± 6.5 mg g�1), with small amount of nucleic acid (18.9
± 0.9 mg g�1) (Table A.1). The elemental content and bio-
chemical composition of EPS extracted from B. subtilis

SBE1 is similar to that of other B. subtilis (Mikutta et al.,
2011) and has a similar protein content but lower polysac-
charide content to that of other B. subtilis and Pseudomonas

putida investigated using the same extraction method (Cao
et al., 2011; Lin et al., 2016).

The sorption of EPS-C and EPS-N in both the adsorp-
tion and coprecipitation systems generally follows a Lang-
murian isotherm trend (Fig. 1a). At low molar C/Fe
ratios, the amount of C and N sorbed in both the adsorp-
tion and coprecipitation systems increases with initial C/
Fe ratio, and, except for the EPS-C coprecipitation system,
reaches a maximum at higher C/Fe ratio. However, while
the amount of EPS-N sorbed in both the adsorption and
coprecipitation systems is similar, the amount of EPS-C
sorbed in these two different EPS-Fh associations is higher
than EPS-N. Furthermore, the amount of EPS-C sorbed is
higher in the coprecipitation system (201.9 ± 6.0 mg g�1 at
Fig. 1. EPS-C, -N contents (a) and C/N ratio (b) in the adsorption compl
The dotted line shows the C/N ratio of unreacted EPS.
C/Fe ratio of 5.0) compared to the adsorption system
(118.7 ± 4.3 mg g�1 at C/Fe ratio of 5.0) (Fig. 1a; Table 1).
At initial C/Fe ratio of 5.0, maximum EPS-C loading
capacity, and perhaps maximum EPS-N loading capacity,
in the coprecipitation system is not reached, and thus the
loading capacity of the coprecipitates exceeds that of the
adsorption complexes.

The C/N ratio of the sorbed EPS in both the adsorp-
tion systems (3.3–5.0) and coprecipitation systems (4.0–
4.7) is lower than that of the unreacted EPS (5.8) and
decreases with increasing C/Fe ratio (Fig. 1b; Table 1).
The C/P ratio of the sorbed EPS estimated from the liquid
phase shows a similar trend and decreases with increasing
C/Fe ratio (Fig. A.1). The mass fraction of adsorbed EPS-
C, -N and -P decreases with increasing C/Fe ratio com-
pared to that for coprecipitated EPS-C, -N and -P, which
maintains near complete EPS sorption even at C/Fe ratio
of 5.0 (Fig. 2b; >0.85 mass fraction sorbed). A reduction
in the sorbed EPS C/N and C/P ratios in both the adsorp-
tion and coprecipitation systems shows that the EPS is
fractionated as a result of sorption, with an apparent
selective retention of EPS-N and EPS-P over EPS-C. In
particular, the mass fraction of adsorbed and coprecipi-
tated EPS-P exceeds that of both EPS-N and EPS-C,
except for the C/Fe ratio of 5.0 in the adsorption system
(Fig. 2). EPS-P is thus disproportionately removed from
the solutions relative to EPS-N and EPS-C, indicating a
high affinity of EPS P-containing moieties with Fh during
adsorption and coprecipitation. Overall these results show
that EPS is selectively fractionated during adsorption to
and coprecipitation with Fh, and that the selective frac-
tionation of EPS elements resulting from adsorption is
more pronounced than from coprecipitation.

3.2. Mineralogical and physiochemical characterization of

adsorption complexes and coprecipitates

The pure Fh used for the adsorption systems exhibits
two characteristically broad peaks at 0.26 nm (�34� 2h)
and 0.15 nm (�62� 2h) (Fig. A.2). At comparably high
exes and coprecipitates as a function of the initial molar C/Fe ratio.



Table 1
Elemental composition, zeta potential and particle size of ferrihydrite, adsorption complexes and coprecipitates. Mean values ± standard
deviations are calculated from a total of three measurements from triplicate samples (element) or ten measurements from a single
homogenized sample (zeta potential, particle size).

Molar C/Fe ratios contents Zeta potentialc (mV) Particle sized (nm)

Initial Of product Fe (mg g�1) Ca (mg g�1) N (mg g�1) C/Nb

Ferrihydrite
565.6 ± 16.8 29.2 ± 1.2 639.2 ± 74.3

Adsorption complexes
0.2 0.22 534.3 ± 26.8 24.7 ± 0.9 4.9 ± 0.1 5.0 ± 0.1 27.8 ± 1.0 776.8 ± 37.4
0.5 0.49 496.0 ± 26.1 51.6 ± 1.2 11.5 ± 0.6 4.5 ± 0.1 20.4 ± 1.1 1269.7 ± 39.4
1 0.93 442.2 ± 10.0 88.4 ± 3.2 19.3 ± 1.5 4.6 ± 0.2 9.1 ± 0.4 1481.8 ± 208.6
2 1.34 398.3 ± 7.9 114.7 ± 4.5 31.2 ± 0.6 3.7 ± 0.1 �11.4 ± 0.5 2185.2 ± 165.5
3 1.59 368.5 ± 23.7 125.6 ± 6.6 37.9 ± 1.6 3.3 ± 0.0 �21.3 ± 1.0 2427.2 ± 141.5
5 1.54 358.5 ± 6.9 118.7 ± 4.3 34.6 ± 1.1 3.4 ± 0.1 �25.6 ± 0.7 1786.4 ± 115.1

Coprecipitates
0.2 0.21 480.1 ± 8.1 21.1 ± 1.9 4.6 ± 0.2 4.6 ± 0.2 41.3 ± 0.9 886.1 ± 57.4
0.5 0.54 426.1 ± 20.5 49.4 ± 1.8 11.0 ± 0.6 4.5 ± 0.1 32.4 ± 0.8 1006.0 ± 75.9
1 1.02 395.5 ± 27.7 86.0.5 ± 3.0 18.6 ± 0.9 4.7 ± 0.1 17.0 ± 0.9 1145.5 ± 100.3
2 1.98 317.5 ± 7.3 134.5 ± 3.2 29.8 ± 1.2 4.5 ± 0.2 10.9 ± 0.7 1759.3 ± 98.9
3 2.73 274.5 ± 2.3 160.6 ± 5.5 40.3 ± 2.2 4.0 ± 0.1 2.6 ± 0.9 2583.0 ± 96.7
5 4.07 231.6 ± 12.3 201.9 ± 6.0 47.6 ± 2.3 4.2 ± 0.2 �6.0 ± 0.7 2887.0 ± 195.9

a Corrected for the OC content of ferrihydrite (3.5 mg g�1).
b The C/N of unreacted EPS is 5.8.
c Zeta potential determined at pH 4.5 in 10 mM NaCl.
d Particle size determined at pH 4.5 in 10 mM NaCl.

Fig. 2. The mass fraction of EPS-C, -N, -P adsorbed (a) and coprecipitated (b) as a function of the initial molar C/Fe ratio. Mass fraction of
EPS-C, -N and -P sorbed is derived by calculating the ratio of the amount of EPS-C, -N and -P remaining in the supernatant to the amount of
EPS-C, -N and -P added, and subtracting this ratio from 1.
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C/Fe ratios, the XRD pattern of the adsorption complexes
shows a relatively obvious additional peak (�23� 2h) than
that of the coprecipitates, likely due to EPS diffraction in
the low Bragg-angle region (Poggenburg et al., 2016).
Adsorption and coprecipitation of EPS with Fh does not
substantially change the XRD, but the two broad peaks
are further broadened with increasing EPS loading, partic-
ularly for the coprecipitate samples up to C/Fe ratio of 5.
Altogether, 2-line Fh is the dominant mineral phase in all
complexes, which is observed in Fe(III) coprecipitates
formed in presence of exopolysaccharides, humic acid and
natural OM (Mikutta et al., 2008; Chen et al., 2014;
Mikutta et al., 2014).

The electrophoretic zeta potentials of the adsorption
complexes and coprecipitates are lower than Fh and lie
between Fh and EPS until pH exceeds 5, and decrease with
increasing C/Fe ratio (Fig. 3; Table 1). The coprecipitates
show higher zeta potential values than the adsorption com-
plexes in the acidic and neutral pH range at equivalent C/
Fe ratios. The point of zero charge (PZC) of synthesized



Fig. 3. Zeta potentials of Fh, EPS, adsorption complexes and
coprecipitates as a function of pH. Zeta potentials were determined
in 10 mmol L�1 NaCl at solid concentrations of 0.5 g L�1. Initial
molar C/Fe ratios of selected adsorption complexes and coprecip-
itates used for zeta potential measurements were 1 and 5,
respectively.
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pure Fh is located at pH 8.2, which is consistent with pre-
vious study results (Cornell and Schwertmann, 2003).

The adsorption complexes and coprecipitates exhibit lar-
ger average particle sizes than the pure Fh (�639 nm)
(Table 1). Adsorption results in an increase in average par-
ticle size similar to coprecipitation at low C/Fe ratio, fol-
lowed by a decrease at C/Fe ratio of 5. However,
coprecipitation results in continuously increasing average
particle size from 886 to 2887 nm with increasing C/Fe
ratios. Inhibition of larger particle formation in the adsorp-
tion complexes at high C/Fe ratio likely results from a steric
effect in which residual EPS in solution retards the growth
of Fh particles that are coated in EPS, rather than incorpo-
rating EPS (Lin et al., 2018). Overall these results show that
the physiochemical properties of EPS-Fh associations are
affected by the EPS-Fh formation pathways.

3.3. Morphology and distribution of EPS on adsorption

complexes and coprecipitates

The SEM results show that pure Fh, adsorption com-
plex and coprecipitate with C/Fe ratio of 5 are all com-
prised of irregular Fh nanoparticles clustered into small
aggregates (Fig. 4, top panel). The CLSM images show
the distribution plots of proteins, polysaccharides and
nucleic acids on pure Fh, adsorption complex and coprecip-
itate after fluorescent staining (Fig. 4, bottom panel; note in
Fig. 4a that Fh does not cause spontaneous fluorescence
interference). Nucleic acids and proteins are the predomi-
nant EPS components distributed on the surfaces of the
adsorption complex particles at C/Fe ratio of 5, with a
minor distribution of polysaccharides (Fig. A.3), however,
polysaccharides show a patchy distribution on the surfaces
of the coprecipitate particles at C/Fe ratio of 5. In agree-
ment with the mass fractionation results, CLSM therefore
also shows that different EPS components are retained to
varying degrees with the adsorption and coprecipitation
particles.

3.4. Surface element contents and carbon speciation of

adsorption complexes and coprecipitates

3.4.1. XPS analysis of EPS-ferrihydrite associations

To gain further insight into the mass fractionation of
EPS during adsorption and coprecipitation with Fh, XPS
analysis is used to probe the distribution of major elements
on the near surfaces of individual samples (Table 2). Quan-
titative measurement of XPS spectra of unreacted EPS
detect 57.07 ± 0.10 atom% C, 8.63 ± 0.08 atom% N, 2.51
± 0.02 atom% P, resulting in near surface EPS C/N and
C/P atomic ratios of 6.6 and 22.7, respectively. The near
surface EPS C/N ratio is similar to the bulk EPS C/N ratio
(5.8). However, the near surface EPS C/P ratio is higher
than the bulk EPS C/P ratio (10.5). This is also reported
for EPS adsorbed to and coprecipitated with Al (hydr)ox-
ides (Mikutta et al., 2011) and is likely attributable to the
low atom% P content exacerbating the effect of surface
adventitious carbon. For adsorption complexes at C/Fe
ratio of 5, the near surface C/N ratio of adsorbed EPS is
slightly decreased (by <2) while the near surface C/P ratio
of adsorbed EPS is markedly decreased (by >8) compared
to the unreacted EPS. This shows there is selective adsorp-
tion of N-containing and P-containing biomolecules at the
near surface of the adsorption complexes, in agreement
with the mass fractionation results. Interestingly, the near
surface C/N and C/P ratios of the coprecipitated EPS are
higher than those of the unreacted EPS, which is contrary
to the mass fractionation results shown by the bulk C/N
and C/P ratio trends. This points towards relative enrich-
ment of C-containing biomolecules at the near surface of
the coprecipitates. In adsorption complexes produced at
C/Fe ratio of 1 and 5, the near surface C/(Fe + C) molar
ratio is considerably higher than the bulk C/(Fe + C) ratio.
This is manifest in the near surface to bulk C/(Fe + C) ratio
ranging from 1.90 (C/Fe ratio 1) to 1.54 (C/Fe ratio 5)
(Table 2), thus indicating that C is mainly located on the
surface of the adsorption complexes. In coprecipitates pro-
duced at C/Fe ratio of 1 and 5, the near surface to bulk C/
(Fe + C) ratio is reduced compared to the adsorption com-
plexes, ranging from 1.85 (C/Fe ratio 1) to 1.22 (C/Fe ratio
5), thus indicating that C and Fe are relatively more homo-
geneously distributed in coprecipitates formed at high C/Fe
ratio (>1 in this study). When the C/Fe ratio is less than 1,
the near surface to bulk C/(Fe + C) ratio of the coprecipi-
tates are more similar to those of the adsorption complexes,
suggesting that low EPS-C concentration in the coprecipita-
tion system likely decreases the involvement of EPS in the
aggregation of Fh, leading to the distribution of some
EPS-C on the surface of the newly-formed Fh particles.

XPS analysis also provides insights into the local chem-
ical environment of C within the top few nanometers of the
sample particles. Detailed C 1s XPS spectra of the near sur-
face of freeze-dried EPS, adsorption complexes and copre-
cipitates are deconvoluted into four spectral regions



Fig. 4. The visual images of ferrihydrite, adsorption complexes and coprecipitates. (A) SEM image and (a) CLSM image of pure ferrihydrite;
(B) SEM image and (b) CLSM image of adsorption complex with an initial molar C/Fe ratio of 5; (C) SEM image and (c) CLSM image of
coprecipitate with an initial molar C/Fe ratio of 5. Colour allocation of CLSM images: blue (DAPI) nucleic acids; green (SYPRO Orange)
proteins; red (ConA) a-polysaccharides. Scale bars of SEM and CLSM images are 1 and 20 lm, respectively.
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(Omoike and Chorover, 2004; Poggenburg et al., 2018a).
The near surface of unreacted EPS is mainly composed of
carbohydrate C (43.6 ± 0.18%), aliphatic C (34.4
± 0.07%) and amide C (18.9 ± 0.92%), with a small propor-
tion of carboxylic C (3.1 ± 0.8%) (Fig. 5). Adsorption and
coprecipitation reactions alter the chemical composition of
near surface-bound EPS. The relative proportions of ali-
phatic C on the near surface of the adsorption complexes
(36.1 ± 0.08% – 42.2 ± 0.16%) and coprecipitates (40.1
± 0.09% – 45.4 ± 0.55%) are higher than those of unreacted
EPS. These results show that aliphatic C present in proteins
and phospholipids is preferentially adsorbed and coprecip-
itated. Although sorptive fractionation causes a decrease in
carbohydrate C compared with unreacted EPS, the sorbed
EPS still has a high proportion of carbohydrate C in the
adsorption complexes (36.0 ± 0.15% – 40.3 ± 0.15%) and
coprecipitates (35.4 ± 0.23% – 39.4 ± 0.53%) (Fig. 5). At
C/Fe ratio � 1, compared with the unreacted EPS, the rel-
ative proportion of amide C is increased in the adsorption
complexes (22.1 ± 0.68% – 24.9 ± 0.12%) and decreased
in the coprecipitates (17.0 ± 0.28% – 18.5 ± 0.45%)
(Fig. 5), and thus amide C present in proteins is preferen-
tially adsorbed to the surface of Fh, consistent with the
decreased near surface C/N ratio.

3.4.2. Carbon 1s NEXAFS analysis of EPS-ferrihydrite

associations

The C 1s NEXAFS spectra of all samples display
roughly similar C signals containing two distinct peaks at
285.4 and 288.5 eV (Fig. 6). According to literature refer-
ence spectra, the peak at 285.4 eV is attributable to aro-
matic functional groups, and the slightly broadened peak
at 288.5 eV is attributable to both carboxylic (�288.6 eV)
and amide (288.2 eV) functional groups (Lawrence et al.,
2003; Kinyangi et al., 2006; Chan et al., 2009; Li et al.,
2016). Deconvolution results reveal that at C/Fe ratio � 1,
compared with the unreacted EPS (31.84 ± 1.37%), the rel-
ative proportion of carboxylic/amide C is generally
increased in the adsorption complexes (32.96 ± 1.01% –
47.98 ± 1.65%) and somewhat decreased in the coprecipi-
tates (28.57 ± 0.79% – 30.86 ± 0.83%) (Table 3), which is
consistent with the preferential association of acidic
polysaccharides and proteins with the adsorption
complexes shown by XPS. Retention of acidic polysaccha-
rides is also consistent with the lower zeta potential values
of the adsorption complexes compared to the coprecipi-
tates at equivalent C/Fe ratios. Based on the deconvolu-
tion results, four additional peaks are also semi-
quantitatively identified. When the C/Fe ratio increases
from 1, the relative proportions of aliphatic C and O-
alkyl C in the coprecipitates (29.43 ± 0.66% – 31.21
± 0.36% and 27.30 ± 0.96% – 32.39 ± 0.55%, respectively)
are generally higher than those of the adsorption
complexes (14.51 ± 0.44% – 27.50 ± 0.73% and 26.94
± 0.72% – 27.98 ± 0.93%, respectively), indicating that
more lipids and polysaccharide components are retained
in the coprecipitates, consistent with the results of EPS
visualization by CLSM.



Table 2
Surface element composition of freeze-dried EPS, adsorption complexes and coprecipitates revealed by XPS. Mean values ± standard deviations are shown for the analysis results of at least six
XPS scans of a single homogenized sample.

Initial molar C/Fe ratio Oa Sa Ca Na Pa Fea C/N C/P C/Fe SurfaceC/(Fe+C)/
BulkC/(Fe+C)

batomic %

EPS
31.42 ± 0.06 0.13 ± 0.06 57.07 ± 0.10 8.63 ± 0.08 2.51 ± 0.02 0.24 ± 0.02 6.61 ± 0.07 22.74 ± 0.22

Adsorption
0.2 49.96 ± 0.13 0.35 ± 0.12 25.11 ± 0.11 2.49 ± 0.04 0.86 ± 0.10 21.24 ± 0.28 10.10 ± 0.13 29.33 ± 3.18 1.18 ± 0.02 4.78
0.5 47.81 ± 0.45 0.24 ± 0.05 31.65 ± 0.51 4.04 ± 0.02 1.11 ± 0.12 15.15 ± 0.22 7.84 ± 0.17 28.79 ± 2.67 2.09 ± 0.06 2.78
1 44.79 ± 0.13 0.20 ± 0.03 33.24 ± 0.11 5.61 ± 0.08 1.71 ± 0.12 14.44 ± 0.05 5.92 ± 0.09 19.54 ± 1.37 2.30 ± 0.01 1.90
2 41.62 ± 0.16 0.30 ± 0.14 36.18 ± 0.05 7.41 ± 0.02 2.19 ± 0.06 12.30 ± 0.05 4.88 ± 0.02 16.53 ± 0.47 2.94 ± 0.02 1.63
3 41.46 ± 0.44 0.24 ± 0.10 38.21 ± 0.17 8.06 ± 0.06 2.40 ± 0.06 9.64 ± 0.12 4.74 ± 0.04 15.95 ± 0.38 3.96 ± 0.04 1.54
5 41.80 ± 0.17 0.20 ± 0.03 35.97 ± 0.16 7.76 ± 0.03 2.68 ± 0.03 11.59 ± 0.05 4.64 ± 0.04 13.42 ± 0.10 3.10 ± 0.03 1.54

Coprecipitation
0.2 49.89 ± 0.39 0.35 ± 0.11 24.42 ± 0.27 1.90 ± 0.08 0.74 ± 0.23 22.70 ± 0.27 12.84 ± 0.43 35.03 ± 9.30 1.08 ± 0.02 4.90
0.5 46.66 ± 0.55 0.26 ± 0.08 33.86 ± 0.59 3.21 ± 0.03 0.97 ± 0.12 15.05 ± 0.26 10.55 ± 0.25 35.34 ± 3.76 2.24 ± 0.08 2.60
1 42.43 ± 0.26 0.30 ± 0.12 38.02 ± 0.05 4.96 ± 0.14 1.32 ± 0.12 12.96 ± 0.05 7.68 ± 0.22 28.90 ± 2.69 2.93 ± 0.01 1.85
2 38.69 ± 0.20 0.21 ± 0.03 43.22 ± 0.09 6.40 ± 0.02 1.87 ± 0.03 9.61 ± 0.02 6.75 ± 0.01 23.16 ± 0.31 4.50 ± 0.01 1.44
3 36.92 ± 0.18 0.17 ± 0.02 47.06 ± 0.06 7.21 ± 0.08 1.94 ± 0.08 6.70 ± 0.02 6.53 ± 0.07 24.32 ± 0.94 7.02 ± 0.02 1.33
5 34.45 ± 0.19 0.26 ± 0.06 49.25 ± 0.10 8.34 ± 0.01 2.45 ± 0.05 5.25 ± 0.02 5.90 ± 0.01 20.08 ± 0.39 9.39 ± 0.02 1.22

a Corrected for traces of Na and Cl.
b SurfaceC/(Fe+C)/BulkC/(Fe+C) = the ratio of surface to bulk C/(C + Fe) molar ratio.
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Fig. 5. Distribution of different carbon species in freeze-dried EPS,
adsorption complexes and coprecipitates derived from detailed
XPS C 1s measurements.
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3.5. Interaction of EPS functional groups during adsorption

and coprecipitation with ferrihydrite

3.5.1. FTIR spectroscopy of EPS-ferrihydrite associations

The FTIR spectrum of pure EPS exhibits broad signals
consisting of vibrations of amide bonds in proteins (amide
I, 1653 cm�1), deformation vibrations of N-H and valence
vibrations of C-N in ACOANHA of proteins (amide II,
1552 cm�1), symmetric C-O vibrations of carboxylic groups
in complexes (1405 cm�1) and overlapping C-O stretching
vibrations of polysaccharides as well as symmetric stretch-
ing vibrations of P@O in the phosphodiester backbone of
nucleic acids (1084 cm�1) (Fig. A.4; Table A.3). The FTIR
spectra of adsorbed and coprecipitated EPS are altered in
several regions, compared with those of unreacted EPS,
indicating selective sorption of particular EPS moieties in
Fig. 6. C 1s NEXAFS spectra of adsorption complexes (a) and copreci
unreacted EPS. Numbers on the left of the spectra indicate the initial m
agreement with the mass fractionation, XPS and NEXAFS
results. Most important is the emergence of a new band,
located at �1004 cm�1 (Fig. A.4), that is consistent with
stretching vibrations of PAOAFe bonds as reported in
prior studies (Omoike and Chorover, 2006). As initial
molar C/Fe ratio increases, the peak area ratios of the
amide I/amide II peak in the coprecipitates increase from
1.00 to 1.33, while the peak area ratios in the adsorption
complexes are higher (between 1.26 and 1.54) and more
similar to those of the unreacted EPS (1.53) (Table 4). This
phenomenon shows that there is preferential sorption of
amide II into coprecipitates. With increasing C/Fe ratio,
the peak area ratios of carboxylate/amide (I + II) in
adsorbed and coprecipitated EPS decrease from 0.15 to
0.08 and from 0.17 to 0.09, respectively, relative to 0.07 in
unreacted EPS, indicating that carboxylic groups are more
important for adsorption and coprecipitation of EPS at low
molar C/Fe ratios. At equivalent C/Fe ratios the peak area
ratios of amide (I + II)/(polysaccharide + nucleic acids) in
coprecipitated EPS (between 1.08 and 1.91) are higher than
those in adsorbed EPS (between 0.87 and 1.79), indicating
that polysaccharides and organic P components are rela-
tively less retained than protein components in the copre-
cipitates, which is inconsistent with the mass
fractionation, XPS and NEXFAS results. This inconsis-
tency may be due to some overlap of the phosphate band
and polysaccharide vibrations such that it is difficult to
properly distinguish the two, together with an interference
of newly formed PAOAFe bonds on this peak area
(1200–900 cm�1), as mentioned by Omoike and Chorover
(2006).

3.5.2. 2D-COS analysis of the interaction between EPS and

ferrihydrite

To enhance the spectral resolution and further explore
the detailed sorption mechanisms of EPS adsorbed and
coprecipitated with Fh, 2D-COS analysis is conducted on
the FTIR spectra (Fig. 7). The synchronous maps exhibit
seven characteristic autopeaks at 1658, 1544, 1408, 1246,
pitates (b) at different molar C/Fe ratios compared to the original
olar C/Fe ratios.



Table 3
Deconvolution results for organic groups in EPS, adsorption complexes and coprecipitates using C 1s NEXAFS. Mean values ± standard
deviations are shown for the deconvolution results of at least three NEXAFS scans of a single homogenized sample.

Initial molar C/Fe ratio Proportion of sorption regions (%)

Aromatic C Phenolic C Aliphatic C Carboxylic/Amide C O-alkyl C Carbonyl C
283.0–286.2 eV 286.0–287.4 eV 287.0–287.6 eV 288.0–288.7 eV 289.2–289.5 eV 289.5–290.3 eV
G1 + G2 + G3 G4 G5 G6 G7 G8

EPS
7.18 ± 0.13 0.16 ± 0.01 25.52 ± 0.60 31.84 ± 1.37 30.32 ± 0.53 4.97 ± 0.09

Adsorption
0.2 3.95 ± 0.09 0.42 ± 0.03 31.33 ± 1.26 31.90 ± 1.44 28.83 ± 1.41 3.57 ± 0.17
0.5 7.12 ± 0.18 0.53 ± 0.01 26.04 ± 1.03 34.40 ± 1.46 24.23 ± 0.86 7.69 ± 0.22
1 6.20 ± 0.21 0.34 ± 0.01 16.17 ± 0.65 44.85 ± 1.51 27.20 ± 0.66 5.25 ± 0.01
2 6.65 ± 0.26 0.14 ± 0.01 23.52 ± 0.31 39.09 ± 0.97 27.46 ± 0.97 3.14 ± 0.04
3 9.56 ± 0.19 0.63 ± 0.02 27.50 ± 0.73 32.96 ± 1.01 26.94 ± 0.72 2.42 ± 0.00
5 7.00 ± 0.22 0.83 ± 0.03 14.51 ± 0.44 47.98 ± 1.65 27.98 ± 0.93 1.70 ± 0.07

Coprecipitation
0.2 6.76 ± 0.13 1.30 ± 0.08 27.06 ± 0.35 34.29 ± 1.30 24.58 ± 0.51 6.01 ± 0.27
0.5 6.61 ± 0.18 0.52 ± 0.04 29.06 ± 0.28 29.99 ± 0.88 31.88 ± 0.62 1.93 ± 0.05
1 6.52 ± 0.09 0.60 ± 0.05 30.34 ± 0.34 28.57 ± 0.79 32.39 ± 0.55 1.57 ± 0.06
2 6.71 ± 0.12 0.08 ± 0.01 31.21 ± 0.36 28.88 ± 1.00 28.65 ± 0.89 4.46 ± 0.17
3 6.44 ± 0.16 0.40 ± 0.02 29.93 ± 0.45 29.97 ± 0.55 27.30 ± 0.96 5.96 ± 0.26
5 6.34 ± 0.18 0.39 ± 0.02 29.43 ± 0.66 30.86 ± 0.83 27.71 ± 0.75 5.26 ± 0.37
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1140, 1078 and 998 cm�1 for adsorption, and five character-
istic autopeaks at 1658, 1544, 1408, 1072 and 1006 cm�1 for
coprecipitation. These autopeaks are assigned to the amide
I (1658 cm�1), amide II (1544 cm�1), carboxylate C@O
(1408 cm�1), P@O asymmetric stretch (1246 cm�1), CAO
ring vibration (1140 cm�1), nucleic acid P@O/polysaccha-
ride CAOAC (1078; 1072 cm�1) and PAOAFe bonds
(1006; 998 cm�1) (Table A.3). The band corresponding to
the nucleic acid P@O is overlapping with the polysaccha-
ride CAOAC in the synchronous maps, presenting only
one broad peak at 1078 or 1072 cm�1. The intensities of
the autopeaks located at the diagonal line of the syn-
chronous maps (from the bottom left corner to the top right
corner of the maps) can represent the overall susceptibility
of the corresponding spectral region to changes in spectral
intensity as an external perturbation variable, in this case
increasing EPS concentration, is applied to the system. In
this study, the intensities of the autopeaks follow the order:
1658 > 1544 > 998 > 1078 > 1140 > 1408 > 1246 cm�1 for
adsorption, and 1658 > 1544 > 1072 > 1006 > 1408 cm�1

for coprecipitation, and thus show that the relative sorption
intensity of the amide functional groups during adsorption
and coprecipitation is greater than that of the other func-
tional groups (Fig. 7a and c). Because the relative sorption
intensity of a functional group is related to the amount
sorbed of that functional group, then in turn, these results
indicate that more amide groups are sorbed than other
functional groups in adsorption and coprecipitation reac-
tions. These results also confirm that more EPS molecules
related to polysaccharide C-O-C are coprecipitated with
Fe species than adsorbed to Fh. The cross peaks above
the diagonal line of the synchronous maps (in the upper left
region of the maps) display positive signs (Fig. 7a and c,
Table A.4), suggesting that the in-phase variations among
the corresponding functional groups are correlated with
the amount of EPS sorbed.

The sign of the cross peaks of the synchronous maps com-
pared to the asynchronous maps reveals the rank order of
sorption of the corresponding spectral regions and thus the
corresponding functional groups. To illustrate this we add
an exemplary label (1544/1078 or 1544/1072) to Fig. 7, where
the locations of 1544/1078 (for the adsorption samples) or
1544/1072 (for the coprecipitation samples) represent the
cross peaks between amide II (1544 cm�1) and nucleic acid
P@O/polysaccharide CAOAC (1078; 1072 cm�1). The rank
order of sorption of amide II and nucleic acid P@O/polysac-
charide CAOAC can be determined from the signs of the syn-
chronous (1544/1078 or 1072) and asynchronous (1544/1087
or 1072) cross peaks, where if the cross peaks have the same
signs then the sorption of band 1544 cm�1 will occur before
band 1078/1072 cm�1, whereas if the cross peaks have oppo-
site signs then the sorption of band 1078/1072 cm�1 will occur
before band 1544 cm�1 (Noda and Ozaki, 2004; Domı́nguez-
Vidal et al., 2006; Jia et al., 2009). For the adsorption com-
plexes the signs of the cross peak 1544/1078 in the syn-
chronous and asynchronous (in the brackets) maps are +
(�), and thus sorption occurs in the order of 1078?
1544 cm�1, indicating that the bonding sequence of EPS
adsorption to ferrihydrite is: nucleic acid P@O/polysaccha-
ride CAOAC > amide II. For the coprecipitates the signs of
the cross peak 1544/1072 in the synchronous and asyn-
chronous (in the brackets) maps are + (+), and thus sorption
occurs in order of 1544? 1072 cm�1, indicating that the
bonding sequence of EPS coprecipitation with Fe species is:
amide II > nucleic acid P@O/polysaccharide CAOAC.

Following this application of Noda’s rule (Noda and
Ozaki, 2004), adsorption occurs in the order of 1246 ?
1078 ? 1408 ? 1140 ? 1658, 1544? 998 cm�1, indicating
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that the full bonding sequence of EPS adsorption to ferrihy-
drite is: P@O asymmetric stretch > nucleic acid P@O/
polysaccharide CAOAC > carboxylate C@O > CAO ring
vibration > amide I, amide II > PAOAFe bonds
(Table A.4). Coprecipitation occurs in order of 1408 ?
1544 ? 1658 ? 1072 ? 1006 cm�1, indicating that the full
bonding sequence of EPS coprecipitation with Fe species
is: carboxylate C@O > amide II > amide I > nucleic acid
P@O/polysaccharide CAOAC > PAOAFe bonds
(Table A.4). Overall, in the two formation pathways, the
chemical complexation of carboxylate functional groups
in the reaction of EPS with Fh occurs prior to that of amide
functional groups. During adsorption to Fh however, the
P@O functional groups are sorbed faster than the carboxy-
late and amide functional groups, while during coprecipita-
tion the P@O functional groups are sorbed slower than the
carboxylate and amide functional groups.

The other asynchronous cross peaks at (1624, 1544),
(1674, 1624), (1622, 1544), (1695, 1544), and (1695, 1651)
are not identified in the synchronous maps of the adsorp-
tion and coprecipitation samples, and so the rank order
of sorption of the corresponding spectral regions and thus
the corresponding functional groups cannot be determined.
The same observation is also reported in a previous study
using 2D-COS, and might be attributable to bandwidth
change or peak position shift in spectra during reactions
(Noda, 2017). Despite this, the appearance of these asyn-
chronous cross peaks indicates that the relative proportions
of these secondary structural components changes at differ-
ent rates during the different (adsorption and coprecipita-
tion) sorption reactions. In addition, the asynchronous
map reveals that the peak at 1078 cm�1 existing in the
one-dimensional infrared spectra is overlapping with the
peaks at 1087 and 1045 cm�1, and that the peak at
1072 cm�1 in the one-dimensional infrared spectra is over-
lapping with the peaks at 1102 and 1056 cm�1. As such
2D-COS asynchronous maps can capture the subtle
response of the EPS structure during interactions with Fh.

4. DISCUSSION

4.1. EPS adsorption versus coprecipitation with ferrihydrite

EPS represents a mixture of biomolecules containing a
diversity of functional groups that govern EPS interactions
with Fe (oxyhydr)oxides. Previous work shows that hetero-
geneous EPS can react with a preexisting Fe (oxyhydr)oxide
sorbent to form a variety of organomineral chemical bonds
of varying strength (Omoike and Chorover, 2006; Liu et al.,
2013; Poggenburg et al., 2018b). In contrast, coprecipita-
tion of EPS with Fe (oxyhydr)oxide results in both adsorp-
tion and occlusion of EPS molecules in the interstices
between the ferrihydrite crystals (Eusterhues et al., 2011),
and thus involves both chemical and physiochemical inter-
action processes (Kleber et al., 2015). Here, at high C/Fe
ratios (>1) and pH 4.5, substantially more organic carbon
is taken up during coprecipitation than during adsorption,
likely due to a greater accessibility of monomeric Fe species
to EPS functional groups during the coprecipitation process
(Fig. 1a; Table 1). This agrees with previous suggestions



Fig. 7. Synchronous and asynchronous 2D spectra in the 1800–800 cm�1 region for the adsorption complexes (a, b) and coprecipitates (c, d)
with EPS concentration as the perturbation variable. The red (blue) regions are defined as positive (negative) correlation intensities.
Exemplary label (1544/1078 or 1544/1072) represents the cross peak between amide II (1544 cm�1) and nucleic acid P@O/polysaccharide
CAOAC (1078; 1072 cm�1).
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that EPS components interact with a continuum of Fe, Fe
hydroxyl polymers and Fe (oxyhydr)oxides in coprecipi-
tates, which favours the formation of an organomineral
matrix (Pédrot et al., 2011; Mikutta et al., 2014). Further-
more, cross-linking of Fe(O, OH)6 octahedral chains during
coprecipitation might be disturbed to some extent by EPS
compounds, resulting in slightly reduced crystalline struc-
tures (Eusterhues et al., 2008). Consequently, Fe (oxy-
hydr)oxides coprecipitated with EPS often exhibit less
crystalline structure and thus lower X-ray diffraction inten-
sity than their EPS-free analogues (Fig. A.2). At low C/Fe
ratios (<1), in addition to the complexation of hydrolyzed
Fe species with EPS and the coprecipitation of insoluble
metal–organic complexes during the coprecipitation reac-
tion (Chen et al., 2014), we also observe a high degree
of adsorption of EPS onto the surface of the neoformed
ferrihydrite particles. This is confirmed by the XPS
results, which show that the surface to bulk C/(Fe + C)
ratios in the coprecipitates are similar to those in the
adsorption complexes at low C/Fe ratios (Table 2). The
substantial occlusion of EPS at high C/Fe ratio, com-
pared to the occlusion and adsorption of EPS at low C/
Fe ratio during coprecipitation is also observed for
DOM (Han et al., 2019). Our results imply that the dom-
inant mechanism of C retention by coprecipitation is reg-
ulated by the C/Fe ratio.

An increase in EPS content in coprecipitates effects both
the particle size and structural order of Fh (Mikutta et al.,
2008; Poggenburg et al., 2016), and also Fh surface reactiv-
ity (Poggenburg et al., 2018a). Here, although coprecipi-
tates sorb more EPS, which is rich in negatively charged
functional groups, compared to the adsorption complexes,
the zeta potential values of the coprecipitates are always
higher than those of the adsorption complexes at acidic
or neutral pH (Fig. 3). This might be understood if more
acidic groups are neutralized during the coprecipitation of
EPS and Fe(III). Previous work shows that during the
coprecipitation and adsorption of humic acid with ferrihy-
drite, the ionization of phenolic functional groups is inhib-
ited to a higher degree in the coprecipitates than the
adsorption complexes (Angelico et al., 2014). The pathway
of formation (adsorption versus coprecipitation) of EPS-Fh
couplings thus substantially affects the interfacial properties
of the mineral phase, and thus the reactivity EPS
organominerals in the environment (Han et al., 2019;
Kikuchi et al., 2019).
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4.2. Preferential adsorption and coprecipitation of EPS

components with ferrihydrite

Chemical fractionation of EPS occurs during its interac-
tion with minerals, as a result of the range in EPS molecular
masses and functional group compositions (Omoike and
Chorover, 2006). In this study, EPS-C and -N are both
adsorbed to and coprecipitated with Fe (oxyhydr)oxide in
a disproportionate manner, compared to the C/N ratio of
unreacted EPS. This contrasts with previous work with Al
(oxyhydr)oxides in which EPS-C and -N are proportionally
adsorbed to and coprecipitated with Al phases (Mikutta
et al., 2011), and suggests that EPS interactions with metal
(oxyhydr)oxides are mineral specific. As a likely result of
the higher loadings of EPS with Fe (oxyhydr)oxide copre-
cipitates compared to the lower loadings of EPS adsorption
complexes (Fig. 1a; Table 1), the coprecipitates have higher
total EPS-C and -N. However, the adsorption complexes
are more selective towards the EPS components, resulting
in greater mass fractionation of EPS-C and -N (Fig. 1b;
Table 1). For EPS-P this study shows that EPS-P contained
in monoesters and diesters of phospholipids, teichoic acids
or nucleic acids is preferentially adsorbed and coprecipi-
tated. This result is consistent with the results of previous
studies of EPS interaction with goethite (Omoike and
Chorover, 2006) and phospholipid interaction with hema-
tite and goethite (Cagnasso et al., 2010). However, within
the range of the molar C/Fe ratios investigated here, copre-
cipitation results in near-complete EPS-P sorption and thus
little EPS-P fractionation, compared to during adsorption
with Fe (oxyhydr)oxide (Fig. 2). These results suggest that
the chemical specificity and steric accessibility of EPS com-
ponents towards Fe species play an important role in EPS
fractionation.

XPS and NEXAFS spectroscopy provide powerful and
complementary molecular information about EPS fraction-
ation during adsorption and coprecipitation with Fh. The
work here shows that adsorption and coprecipitation of
EPS with Fh generally shows differential effects with respect
to EPS protein, polysaccharide and lipid species. In agree-
ment with the bulk FTIR results for EPS characterization
(Fig. A.4; Table 4), the C 1s XPS results suggest that upon
EPS adsorption and coprecipitation, the relative contribu-
tion of aliphatic C representing EPS proteins and phospho-
lipids is higher, compared to the unreacted EPS. This result
is consistent with the preferential sorption of proteins and
phospholipids during phospholipid interaction (as EPS P-
containing moieties) with hematite and goethite
(Cagnasso et al., 2010) and EPS interaction with Al (oxy-
hydr)oxide (Mikutta et al., 2011), and also with the fact
that iron oxides selectively stabilize aliphatic compounds
in simulated and natural soil systems (Adhikari and
Yang, 2015; Wan et al., 2019). As the C/Fe ratio increases
from 1, only during EPS adsorption does the percentage of
amide C increase, and amide C decreases during coprecipi-
tation, compared to the unreacted EPS (Fig. 5). Therefore,
nucleic acids and proteins might be adsorbed onto Fh sur-
faces via both inner-sphere complexation and electrostatic
mechanisms, as observed for EPS adsorption on goethite
(Omoike and Chorover, 2006). In addition, it may be that
preferential incorporation of protein into the EPS coprecip-
itates results in a decrease in the percentage of surface
amide C. The NEXAFS results further indicate that protein
and acidic polysaccharide components are preferentially
retained in the adsorption complexes, while more phospho-
lipid and polysaccharide components are retained in the
coprecipitates. These data indicate that the composition
of Fh-EPS associations might be heterogeneous with dis-
tance from the mineral surface and zoned in larger and
more complex Fh aggregates.

The reactivity and resulting selective retention of EPS
with Fh may be substantially affected by the presence of
competing inorganic anions (i.e., phosphate, silicate and
bicarbonate) present in the natural environment. For
adsorption systems, the presence of competitive oxyanions
such as phosphate can markedly decrease the amount of
OM adsorbed, depending on their ability to form stronger
bonds on the surface of hydroxylated minerals than organic
adsorbates (Chen et al., 2014; Kleber et al., 2015). The
affect of competing oxyanions on EPS adsorption and
whether adsorptive competition changes the amount and
identity of the EPS components that are retained during
adsorption and coprecipitation with iron (oxyhydr)oxides,
compared to oxyanion free systems, is a subject for future
work. For coprecipitation systems, Fe molecular speciation
is an additional aspect that may be affected by competitive
oxyanions. In particular the presence of silicate leads to the
formation of Si-hydrous ferric oxide (HFO) under all con-
ditions (van Genuchten et al., 2014). During coprecipitation
these inorganic solutes can modify the structure, composi-
tion and identity of the Fe(III) coprecipitates, and thus
potentially affect the selective retention of OM components
at the mineral interface. Future work on the affect of com-
peting oxyanions on EPS coprecipitation, compared to
oxyanion free systems, should therefore investigate both
mineral reactivity and EPS sorption and selective retention
to form a more complete understanding of competing inor-
ganic ion effects in natural environments.

4.3. Processes of preferential adsorption and coprecipitation

of EPS components with ferrihydrite

In order to elucidate more detailed information on the
preferential sorption of different EPS components during
adsorption and coprecipitation with Fh, bulk FTIR and
subsequently two dimensional (2D) FTIR correlation spec-
troscopy (COS) are employed. The FTIR results indicate
that amide II is preferentially precipitated into coprecipi-
tates relative to amide I in protein structures, but this phe-
nomenon is not observed in adsorption complexes
(Table 4). Analysis of the peak area ratios for the FTIR
spectra reveal that more nucleic acid components are selec-
tively retained in adsorption complexes, relative to protein
components. These results indicate that adsorbed and
coprecipitated EPS retain different protein subcomponents.
Although the conventional one-dimensional FTIR
approach can provide information on the compositional
changes of the bulk EPS associated with Fh, even on
semi-quantitative relative changes, one dimensional FTIR
is unable to distinguish overlapping vibrational peaks and
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thus provide more detailed molecular-level information. To
solve this problem, 2D-FTIR-COS is used to enhance the
spectral resolution and identify overlapping peaks (Noda,
2017).

2D-COS is a valuable mathematical tool for identifying
the subtle responses of a heterogeneous mixture (e.g., EPS)
under external perturbation (e.g. EPS concentration) (Lee
and Hur, 2016). 2D-COS can also provide information on
the extent and the sequence of the changes in the spectral
intensity in different spectral regions. In summary of this
study, 2D-FTIR-COS reveals that EPS amides are
adsorbed and coprecipitated to a greater degree than other
EPS components, and that EPS molecules relating to
polysaccharide C-O-C are sorbed to a greater degree in
coprecipitated rather than adsorbed EPS-Fh associations.
Furthermore, 2D-FTIR-COS also reveals that the chemical
complexation of carboxylate functional groups, occurring
in polysaccharides, occurs prior to that of amide functional
groups in the two EPS-Fh formation pathways. The chem-
ical complexation of P@O functional groups, occurring in
phospholipids, also occurs faster than the carboxylate and
amide functional groups in the adsorption complexes, but
slower than the carboxylate and amide functional groups
in the coprecipitates. These results show that the mecha-
nisms by which different EPS components are preferentially
fixed by ferrihydrite via adsorption and coprecipitation are
different.

For the adsorption complexes, work here is consistent
with the ‘‘layer-by-layer onion” conceptual model of OC
stabilization by minerals (Sollins et al., 2006), which we
suggest might therefore provide a conceptual framework
for understanding EPS adsorption on Fh. According to
this model, carboxylated organics and multifunctional
proteinaceous compounds form an adsorbed layer of
OM on mineral surfaces, which provides a preconditioned
surface onto which less polar hydrophilic and hydropho-
bic organics can sorb more readily than they would do
onto clean mineral surfaces (Sollins et al., 2006). Our
results are consistent with the adsorption of carboxylated
and proteinaceous compounds in the EPS adsorption
complexes because our XPS shows preferential enrichment
of acidic polysacharrides and protein-like components,
while our NEXAFS shows that carboxylic/amide C-
containing components are selectively retained. Further-
more, our 2D-COS reveals that whilst the P@O functional
groups are adsorbed faster than the amide and carboxy-
late functional groups, the complexation of carboxylate
functional groups in acidic polysaccharides occurs prior
to that of amide functional groups, suggesting that these
are among the first groups to attach to the mineral
surfaces.

The C 1s NEXAFS spectra of the adsorption complexes
and coprecipitates are similar to those of natural Fh sam-
ples derived from acid mine drainage environments, in that
they show a shoulder peak at 287.7 eV assigned to aliphatic
C, which is consistent with a ‘‘layer-by-layer onion” model
(Chan et al., 2009; Cismasu et al., 2011). Potential OC-OC
interactions are also suggested to occur during the further
adsorption and fractionation of OM derived from leaf litter
on the surface of biogenic ferrihydrite, as revealed by
Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR-MS) (Sowers et al., 2019).

For the coprecipitates, work here suggests that EPS
coprecipitation with Fh can be understood by considering
that EPS components interact with a continuum of Fe, Fe
hydroxyl polymers and Fe (oxyhydr)oxide (Fh) species,
resulting in the embedding of acidic polysaccharides within
the coprecipitates, and the binding of proteins, phospho-
lipids and aliphatics around these organomineral clusters
at their surfaces. Our results and previous STXM-
NEXAFS studies (Chan et al., 2009; Cismasu et al., 2011)
are consistent with the embedding of acidic polysaccharides
in the coprecipitates, as visualised by CLSM (Fig. 4). Fur-
thermore, as for the adsorption complexes, our 2D-COS
results also show that the complexation of carboxylate
functional groups in acidic polysaccharides occurs prior
to that of amide functional groups. During a coprecipita-
tion process this therefore suggests that carboxylate com-
pounds interact with Fe and Fe hydroxyl polymers in the
early stages of coprecipitation such that they become
occluded into the resulting organomineral structures.
Finally, unlike for the adsorption complexes, our 2D-
COS results show that the P@O functional groups are
adsorbed slower than the amide and carboxylate functional
groups, suggesting that phospholipids might bind to the
outer regions of the coprecipitates once the Fe hydroxyl
polymers have formed Fh nanoparticles.

5. CONCLUSION

Experiments here reveal the mass fractionation beha-
viour of EPS during adsorption to and coprecipitation with
ferrihydrite. We find that EPS is fractionated during both
adsorption and coprecipitation reactions. Compared to
unreacted EPS, our results indicate that aliphatic C is pref-
erentially adsorbed and coprecipitated compared with car-
bohydrate C, but that amide C increases during
adsorption and decreases during coprecipitation. We also
find that proteins and acidic polysaccharides are preferen-
tially retained in the adsorption complexes, and lipids and
polysaccharide components are retained in the coprecipi-
tates. At initial C/Fe ratio � 1, EPS-ferrihydrite coprecipi-
tates are loaded with a high content of EPS-C, and EPS-
ferrihydrite adsorption complexes preferentially retain
EPS-N. Due to the higher overall mass fraction of EPS-C
in EPS-ferrihydrite coprecipitates however, EPS-
ferrihydrite coprecipitates show a less substantial EPS mass
fractionation. 2D-FTIR-COS further reveals that in the
two EPS-ferrihydrite formation pathways, the chemical
complexation of carboxylate functional groups during the
reaction of EPS and Fe occurs prior to that of amide func-
tional groups. The P@O functional groups, however, are
adsorbed onto ferrihydrite faster than the carboxylate and
amide functional groups, and the P@O functional groups
are coprecipitated with Fe species slower than the carboxy-
late and amide functional groups. Although the EPS-Fh
coprecipitates retain a higher amount of EPS, the XRD
patterns of the adsorption complexes show a more obvious
additional peak from the EPS, and the zeta potential values
of the adsorption complexes are always lower than those of



32 M. Zhang et al. /Geochimica et Cosmochimica Acta 299 (2021) 15–34
the coprecipitates. Our results thus indicate that more
acidic groups are embedded and neutralized during EPS
coprecipitation with Fe species. Although different EPS
can have different biochemical compositions, all EPS con-
tains an abundance of the reactive functional groups known
to interact with Fe (oxyhydr)oxides (Omoike and
Chorover, 2006). Our results are therefore expected to be
widely applicable to EPS from different bacterial sources.
Overall our findings indicate that the formation pathway
of EPS-ferrihydrite associations plays an important role
in the binding and selective retention of EPS components
and thus in controlling the reactivity and cycling of
microbially-derived OC, like EPS, in soils. This study pro-
vides new insight into the coupling between the fate of
microbially-derived compounds and Fe cycling in natural
environments.
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