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Binding of Iron(lll) to Organic Soils:
EXAFS Spectroscopy and Chemical
Equilibrium Modeling

JON PETTER GUSTAFSSON,*-f
INGMAR PERSSON,#

DAN BERGGREN KLEJA,S AND
JORIS W. J. VAN SCHAIKS

Department of Land and Water Resources Engineering, Royal
Institute of Technology, SE-100 44 Stockholm, Sweden;
Department of Chemistry, Swedish University of Agricultural
Sciences, Box 7015, SE-750 07 Uppsala, Sweden, and
Department of Soil Sciences, Swedish University of
Agricultural Sciences, Box 7014, SE-750 07 Uppsala, Sweden

The complexation of iron(lll) to soil organic matter is
important for the binding of trace metals in natural
environments because of competition effects. In this
study, we used extended X-ray absorption fine structure
(EXAFS) spectroscopy to characterize the hinding mode for
iron(lll) in two soil samples from organic mor layers, one
of which was also treated with iron(lll). In most cases the
EXAFS spectra had three significant contributions, inner-
core Fe—0/N interactions atabout 2.02(2) A, Fe—C interactions
in the second scattering shell at 3.00(4) A, and a mean Fe—
Fe distance at 3.37(3) A. One untreated sample showed
featurestypical foriron (hydr)oxides; however, after treatment
of iron(Ill) the EXAFS spectrum was dominated by
organically complexed iron. The presence of a Fe—Fe
distance in all samples showed that the major part of the
organically complexed iron was hydrolyzed, most likely

in a mixture of complexes with an inner core of (OsFe),0
and (OsFe);0. These results were used to constrain a model
for metal—humic complexation, the Stockholm Humic
Model (SHM). The model was able to describe iron(lll)
binding very well atlow pH considering only one dimeric iron-
(I1)=humic complex. The competition effect on trace
metals was also well described.

Introduction

Despite its common occurrence, the mechanisms governing
the interactions between iron(IIl) and natural organic matter
are not clear. Recently, Tipping et al. (I) highlighted the
importance iron(III) may have on the binding of trace metals
to organic matter. Due to the strong binding of iron(IIl) to
carboxylate and phenolate groups, iron(IIl) is expected to
compete strongly for complexation sites. However, the
chemistry of the Fe-organic interaction is still unclear,
particularly concerning the possible role of iron redox
reactions. For example, Pullin and Cabaniss (2), using a kinetic
analysis method, found that both iron(II)- and iron(IIT)-fulvic
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acid complexes were important iron species in the natural
waters they investigated. Conversely, Steinmann and Shotyk
(3, 4) found evidence for the predominant role of iron(IIT)—
humic acid complexes in pore waters from peats. These
authors hypothesized that the iron(IIl) oxidation state was
important due to the much stronger affinity of iron(III) than
of iron(II) to humic acid functional groups.

For a number of years, X-ray absorption fine-structure
spectroscopy (XAFS) has been important in unraveling the
coordination modes of ions to ligands and particle surfaces
in soils and waters (5, 6). Rapid advances in these techniques
now permit structural analysis of organic matter complexes.
For example, cadmium(II) binding to mor layers was recently
investigated with extended X-ray absorption fine structure
spectroscopy (EXAFS) and was found to involve —SH groups
with the organic matter (7).

Information from spectroscopic studies can be used to
constrain geochemical models. In particular, models for metal
complexation can be improved by considering the actual
coordination environment of the formed metal—ligand
complex (8). This should lead to better simulations of metal
binding and competition effects in soils. In this work we
have applied EXAFS to study the coordination mode of iron
in two organic soils. Our objective was to investigate whether
the EXAFS evidence could be used to constrain a geochemical
model for metal—humic complexation, the Stockholm Humic
Model (SHM) (9—11), and whether the model was able to
describe the competitive effect of the binding of iron(III) on
selected trace metals.

Materials and Methods

Soils. In this work we used three mor layers (Oe horizons)
from Swedish Spodosols. All three were similar as regards
the extent of decomposition, although they contained slightly
different concentrations of extractable iron (Table S1, Sup-
porting Information). The samples were used in their field-
moist state. Untreated field-moist samples from Asa Oe and
Risbergshéjden Oe, and iron(Ill)-enriched samples from
Risbergshojden Oe, were used for the EXAFS study. The latter
samples were prepared by mixing 20 g field-moist soil with
a 600 cm? solution consisting of 1.5 mmol-dm 3 Fe(NO3); +
5.5 mmolddm— NaNOs . This addition corresponds to 140
mmol Fe(IIl) per kg dry matter. These suspensions were
shaken for one week. After centrifugation, the supernatant
was discarded. Samples were subjected to EXAFS analysis
after 2 days, although an additional sample was stored for
10 days (at 281 K) before analysis. The pH of the samples was
3.8 (Asa Oe), 3.9 (untreated Risbergsh6jden Oe), and 2.6 (iron-
(ITI)-enriched Risbergsh6jden Oe). To provide references for
the EXAFS analysis, ferrihydrite and goethite were synthesized
(12).

EXAFS. Iron K edge X-ray absorption spectra were
recorded at the bending magnet beam-line 2—3 at Stanford
Synchrotron Radiation Laboratory (SSRL), U.S., equipped
with a Si [220] double crystal monochromator, the storage
ring operated at 3.0 GeV and a maximum current of 100 mA
(13), and at beam-line 1811 at MAX-lab, Lund University,
Sweden, equipped with a Si[111] double crystal monochro-
mator, the storage ring operated at 1.5 GeV and a maximum
current of 200 mA (14). Data collection was performed in
fluorescence mode using a Lytle detector with manganese
filter for all samples. In order to remove higher-order
harmonics, the beam intensity was detuned to 40% of the
maximum intensity at the end of the scans. The soil samples
were kept in a 1.5 mm thick silver frame with 6.3 um X-ray
polypropylene foil windows. The energy calibration of the
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X-ray absorption spectra were performed by simultaneously
recording the spectrum of a metallic iron foil, and assigning
the first K-edge inflection point to 7111.3 eV (15). Four scans
were recorded for each sample, and the EXAFSPAK program
package was used for energy calibration and averaging (16).

The EXAFS data analysis was performed with the GNXAS
code using previously developed and widely applied methods
(17, 18). In the GNXAS approach the interpretation of the
experimental data is based on the decomposition of the
EXAFS (k) signal, defined as the oscillation with respect to
the atomic background cross-section normalized to the
corresponding K-edge channel cross-section (17), into a
summation over n-body distribution functions y™ calculated
by means of the multiple-scattering (MS) theory. Each signal
has been calculated in the muffin-tin approximation using
the Hedin—Lundqvist energy dependent exchange and
correlation potential model, which includes inelastic loss
effects (19).

Batch Experiments. In batch experiments, 1.00 g field-
moist soil was suspended in 30 mL solutions of variable
composition in polypropylene centrifuge tubes and then
shaken for 7 days in a shaking-water bath at 281 K and ata
background ionic strength of 0.01 mol-dm 3 (NalNO; was used
as supporting electrolyte). Procedures for filtration, pH
measurement, and analyses of metals and major solutes have
been described fully in an earlier paper (10). The Korsmossen
Oe sample was investigated for its iron-binding properties
at low pH. This was accomplished by shaking duplicate
samples with 0, 0.2, and 0.5 mmol-dm~3 Fe(NOs); and with
different additions of acid (as nitric acid) to generate pH
values in the range from 2.3 to 4. The Risbergshéjden Oe
samples were equilibrated with 0.02 mmol-dm~3 Cd(NO3),,
0.02 mmol-dm 3 Ni(NOs),, 0.02 mmol-dm—3 Co(NOs),, and
0.05 mmol-dm~2VOSO, to quantify the sorption of these trace
metals at different pH values; the metals were added together.
The binding of these trace metals was studied in the absence
and presence of iron and aluminum as 1.5 mmol-dm~ Fe-
(NOs)3 or 1.5 mmol-dm~2 Al(NOs)s, respectively. For Fe(III)
the addition was identical to the one used for the EXAFS
study (140 mmol Fe per kg dry matter), which made it possible
to link the observed concentrations of dissolved Fe(IIl) and
trace metals to the EXAFS results on Fe(III) binding.

Equilibrium Modeling. The Visual MINTEQ software was
used (20), which contains the SHM model as recently revised
for soil suspensions (11). Solution speciation was calculated
using thermodynamic data of the Visual MINTEQ database,
which mostly relies on the NIST Critical Stability constants
database (21). We used the Davies equation for activity
correction. Details on the equations used for metal com-
plexation in the SHM are found in the Supporting Informa-
tion.

Model Application. For the soil suspensions, we assumed
that 75% of the “active” solid-phase organic matter consisted
of humic acid (HA), whereas 25% was fulvic acid (FA) (11).
Furthermore, we assumed that 100% of the dissolved organic
matter in these suspensions was FA. To consider the effect
of initially bound metals in the modeling, the input for
“active” aluminum, iron, and trace metals was estimated
from extraction with 0.1 mol-dm™ nitric acid. For the total
concentrations of calcium and magnesium we used the
barium(Il) chloride-extractable values (see Table S1, Sup-
porting Information). For sodium and nitrate, the total
concentrations were calculated from the added amounts
considering also the initial amount of sodium as extracted
by barium(II) chloride. Finally, total potassium and man-
ganese were estimated from the maximum amount dissolved
at low pH (10).

For the proton binding parameters, we used the generic
values for the SHM as reported by Gustafsson and van Schaik
(10). For the soil suspensions from Risbergshdjden and
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FIGURE 1. Stacked, normalized k*-weighted EXAFS spectra for Fe
in the untreated Asa Oe sample (A-u, no offset), in Rishergshdjden
Oe with added iron(lll) analyzed 2 days (RF2, offset +4.0) and 10
days (RF10, offset +8.0) after the end of the batch experiment, and
in the untreated Rishergshdjden Oe sample (R-u, offset 16.0). The
spectra for synthetic ferrihydrite (Fh, offset —4.0) and goethite (Go,
offset —12.0) are given for comparison. Thin and thick lines represent
the normalized data and best fits, respectively.

Korsmossen, modeling was done in four steps: (1) From the
observed buffer curve, we optimized the fraction of the total
organic matter that was “active” with respect to cation binding
(fias—t00), through the comparison of measured and simulated
pH values for a given addition of acid or base (10). The fis—tot
parameter determines the slope of the modeled buffer curve.
(2) Complexation constants for iron(IlI) and aluminum (I1T)
were adjusted to provide an optimum fit to observed
concentrations of dissolved iron(III) and aluminum(II). (3)
For the data set from Risbergsh6jden Oe, cation complexation
constants for cadmium(II), cobalt(Il), nickel(I), and vanadyl-
(IV) were optimized for samples for which no additions of
iron(I1) and aluminum(IIl) had been made. (4) Finally for
the Risbergsh6jden Oe data, the effect of iron(IIl) and
aluminum(III) competition on trace metal binding was
predicted.

Results

EXAFS. The untreated Oe samples from Risbergshéjden and
Asa showed slightly different EXAFS spectra. For the untreated
Risbergsh6jden Oe sample, the large amplitude at high k
values showed the presence of several Fe—Fe distances. The
Fe—O/N bond distance at 2.00(2) A (it is not possible with
the EXAFS technique to distinguish between O and N) showed
that the iron was present in the oxidation state +1II. A strong
and well-defined Fe—Fe distance at 3.00(2) A showed the
presence of one or several iron(I1I) (hydr)oxide minerals such
as ferrihydrite, goethite and akaganeite; the iron EXAFS
spectrum of the untreated soil had close similarities with
thatof goethite, see Figure 1. The other refined Fe—Fe distance
at 3.38(3) A can be related to Fe—Fe distances in either
(Fe0s5),0 and (FeOs);0 complexes (see below) and/or in any
iron(Il) (hydr)oxide mineral. There was also a significant
distance to iron from a heavy back-scatterer such as lead at
3.73(3) A (Table 1). The EXAFS spectra are shown in Figure
1 (see also Figure S1, Supporting Information). The Fe—O
bond distance in our goethite and ferrihydrite samples was
1.98(2) and 1.96(2) A, respectively. The Fe—Fe distances in
goethite were 3.00(2), 3.26(2), 3.44(3), 4.64(3), 4.88(4), and
5.45(4) A; in ferrihydrite they were 3.03(2) and 3.44(3) A.
The EXAFS spectra of the samples from the untreated Asa
Oe sample had a significantly higher iron content and three
contributions, inner-core Fe—O/N interactions at 2.02(2) A,
Fe—Cinteractions in the secondﬂscattering shell at 3.00(4) A,
and a Fe—Fe distance at 3.37(3) A could be identified (Figure
1). Again the mean Fe—O/N bond distance shows that iron
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TABLE 1. Summary of Structure Paramegters, Distances, d/A,
Debye—Waller Factor Coefficient, 62/A% and Number of
Distances, V, from the Refinements of the Iron K Edge EXAFS
Data (The Number of Distances has heen Fixed)

sample interaction /A Az N

Asa Oe, untreated Fe—-O 1.88(2) 0.0030(2) 1

Fe—0 2.00(2) 0.0075(2) 5

Fe—Fe 3.38(3) 0.004(1) 1

Fe—C 3.02(4) 0.008(2) 5

Risbergshojden Oe, untreated Fe—O 2.00(2) 0.008(3) 6

Fe—Fe 3.01(2) 0.004(1) 2

Fe—Fe 3.38(2) 0.004(1) 1

Fe—Pb 3.72(3) 0.004(1) 2

Risbergshojden Oe with Fe, Fe—O 1.88(2) 0.0050(3) 1
2 days

Fe—0O 2.03(2) 0.0085(4) 5

Fe—Fe 3.37(2) 0.005(1) 1

Fe—C 3.00(3) 0.010(3) 5

Risbergshojden Oe with Fe, Fe—0O 1.86(2) 0.0022(3) 1
10 days

Fe—0O 2.02(2) 0.0078(4) 5

Fe—Fe 3.34(2) 0.012(1) 1

Fe—C 3.00(3) 0.009(2) 5

was present as iron(Ill), and that the iron(IIl) had an
octahedral configuration; corresponding iron(II) bond dis-
tances are ca. 0.10 A longer (22—24). The Debye—Waller
coefficient was larger than normally found for this type of
octahedral iron(IIl) structures (22) indicating that the bond
distance distribution was much wider than normal. The
presence of a second shell of back-scatterers at 3.0 A showed
that that organic groups, e.g., phenolate and carboxylate,
were bound to iron(III) at expected distances and angles.
The presence of a Fe—Fe distance showed unambiguously
that the dominating iron species in Asa Oe was hydrolyzed.
The observed Fe—Fe distance strongly indicates that this
hydrolyzed species contained a mixture of dimers and trimers
with one and three x-oxo bridges between the iron(IIl) ions,
respectively, whereas complexes with a double hydroxo
bridge can more or less be excluded as the Fe—Fe distance
in such complexes is much shorter, 2.9-3.2 A (23, 24). The
Fe—Fe distance in OsFe—O—FeOs complexes is in the range
of 3.44—3.56 A depending on the Fe—O—Fe angles, which
varies in the range 146—180° in the reported structures; the
mean Fe—Q,y, bond distance is 1.79 A (23, 24), while in the
trimers, a central oxide ion binds to three iron(IIl) ions, and
the mean Fe—Oox, bond and Fe—Fe distances are 1.90 and
ca. 3.35 A, respectively (23, 24). With this result in hand, a
model with one Fe—O bond distance significantly shorter
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than the remaining five was introduced, and the fit of the
experimental data did improve. The short Fe—O,x bond
distance was refined to 1.85(2) A, whereas the mean Fe—0
bond distance of the remaining five bonds is 2.02(2) A (Table
1). The Debye—Waller factor coefficients of the short Fe—O
and the Fe—Fe distances were also somewhat larger than
expected for only one type of complex present with normal
bond distance distribution supporting that there was a
mixture of (OsFe)3;0 and (OsFe),0 complexes in the sample.

In the literature, a large number of crystal structures of
(OsFe),0 and (OsFe);0 complexes have been reported. The
(OsFe),0 complexes display an almost linear Fe—O—Fe entity
as seen in both the hydrated, [(H,0)sFe—O—Fe(OH,)s5]** (25,
26), and complexed form, (O/N)s—Fe—0O—Fe(O/N);s (27—31).
The (OsFe)sO complexes consist normally of at least six
bidentate oxygen donor ligands, while the iron(III) binds
water or any other monodentate ligand in the sixth position
(23). See Table S2, Supporting Information, for more refer-
ences on (OsFe),0 structures.

The EXAFS spectra of the Risbergsh6jden Oe samples, to
which iron(IIl) had been added, were identical to those of
the untreated Asa Oe sample (Figure 1). Thus the dominating
reactive iron species in these organic soils appeared to be
hydrolyzed dimeric and trimeric iron(IIl) complexes where
the iron(IIl) ions are connected by a u-oxo bridge. The time
required to hydrolyze the iron(III) —organic matter complexes
seemed to be less than 1 week (i.e., the duration of the batch
experiment), and no further changes occurred on storage for
an additional week before analysis.

The EXAFS results were incompatible with the usual way
metal—humic complexes are treated in today’s equilibrium
models. For example, in WHAM 6 (32), iron(IIl)—humic
complexes are assumed to consist of monomeric Fe, which
can be coordinated in monodentate, bidentate, or tridentate
configurations. The same was true for the original version of
SHM.

Results from Batch Experiments and Modeling for Soil
Systems. The experimental results for dissolved iron of the
Risbergsh6jden Oe and Korsmossen Oe suspensions are
shown in Figure 2. To the Korsmossen Oe suspension,
comparably low iron additions were made (0.2 and 0.5
mmol-dm3 iron(IIl)). Under these conditions, iron(III) was
very strongly bound, with between 98 and 99% sorbed even
at pH 2.3. Larger additions of iron were made to the
Risbergsho6jden Oe suspension (1.5 mmol-dm 3 iron(II)). The
sorption of iron(IIl) was now 89% at pH 2.3, but already at
pH 2.9 the sorption percentage had increased to >98%. At
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FIGURE 2. Total dissolved Fe, [Fel, against pH for Risbergshdjden Oe (left) and Korsmossen Qe (right). Titrations of soil samples with
HNO; and NaOH, with and without the addition of Fe(NO;); or Al(NOs); (see text for details). The points are observed values. The lines

are model fits.
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FIGURE 3. Total dissolved Cd, Co, Ni and VO against pH for Rishergshdjden Oe. Titrations of soil samples with HNO; and NaOH, with
and without the addition of Fe(NOs); or AI(NOs); (see text for details). The points are observed values. The lines are model fits.

pH < 3, the slope for dissolved iron(III) vs pH was simulated
most successfully with the SHM when a proton exchange
stoichiometry of five protons per two atoms of complexed
iron(Ill) was used. Together with the EXAFS results, this
observation was used to constrain a model description for
Fe—organic complexation in the SHM. A simple change in
the Visual MINTEQ code allowed for the inclusion of the
following reaction in SHM:

3ROH + 2Fe*" + H,0 = (RO);Fe,0" + 5 H' K, 0
1

where Kg., is a complexation constant that considers also
electrostatic contributions (Table S4, Supporting Informa-
tion). According to the model, iron(IIl) forms a dimer (Fe,O**),
which reacts with three carboxylate or phenolate functional
groups to form a complex. This is in better agreement with
the EXAFS results, although the latter indicate that trimers
are also involved (however, the inclusion of trimeric com-
plexes would increase the degrees of freedom of the model).
The assumed relative contribution of carboxylate and
phenolate sites to iron(Ill) complexation is shown in the
Supporting Information (Table S3). It was found that all data
from the soil suspensions were described well using a single
dimeric (RO)3;Fe,O" complex with log K¢, = —5.15 and ALK,
= 1.8.

Trace metal binding decreased after addition of 1.5 mM
iron(III) or aluminum(IIl) (Figure 3). Again when using a
single (RO)3;Fe,O" complex for iron(III) binding, we were able
to simulate the competition from iron(IIl) very well con-
sidering the simplicity of the model. Model simulations
suggest thatiron(III) is a stronger competitor with trace metals
than aluminum(IID). This is partly due to the stronger overall

binding of iron(III). At pH 2.3, only about 32% of the active
aluminum was sorbed after addition of 1.5 mmol-dm3
aluminum(III), compared with 89% for iron(IIl). Furthermore,
iron(III) is bound more strongly to the high-affinity sites, as
evidenced by the ALK value of 1.8 for iron(Ill) and 1 for
aluminum(I11); this makes iron(IIl) a more potent competitor
for trace metals such as nickel(Il) and cadmium(II), which
have a large degree of heterogeneous binding affinity. This
is in line with the conclusions of Tipping et al. (1).

Testing the Model on Data from the Literature. The
approach was also tested on a previously published data set
for iron(Ill) binding to humic acid in the presence of
ferrihydrite (33), using the iron hydrolysis constants for this
system as interpreted by Milne et al. (34). For this system,
the model derived for the mor layer led to overestimations
of the total dissolved iron(IIl) concentration (Figure 4).
However, after adjustment of the ALK; value from 1.8 to 1.5,
it was found that the model simulated the total dissolved
iron(III) concentrations rather well both across the pH range
(with a HA concentration of 0.6 ppm) and at pH 8 with
different HA concentrations.

The competitive effect of iron(III) on Cu?>* complexation
to humic acid was reported by Tipping and co-workers (1).
In this case the model with the dimeric Fe complex was not
able to fit the data well, particularly not at low Cu?* activities
(Figure 5). Much better fits were obtained with a combination
of two monomeric iron(IlI) complexes (data not shown).
Possibly, the short equilibration time used in this experiment
(1 h, as compared to 1 week in the other experiments
mentioned) may not have allowed sufficient formation of
dimeric iron(III) species.
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FIGURE 4. The concentration of dissolved iron(lll) in systems with ferrihydrite and different amounts of humic acid. The points are the
observations of Liu and Millero (1999). The lines are model fits with Visual MINTEQ using a log *K; for ferrihydrite of 3.2 at 25 °C. Red
dotted lines represent model fits with ALK; set to 1.8, whereas the red solid lines are model fits with ALK; = 1.5 (see text).
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FIGURE 5. Copper complexation to 1 g/L humic acid at pH 4 and
at different total concentrations of iron(lll). Points are observations
of Tipping et al. (7), and model fits with ALK, = 1.5 for Fe(lll)
complexation. Copper complexation constants were set to: log
KIROCu'] = —1.5, log K[(RO),Cu] = —6.2, and ALK, = 1.55.

Discussion

The Structure of the Iron(III)-Organic Complex in Soil.
The presence of a u-oxo bridge between the iron(III) ions
shows that the iron(III) —organic complexes, under aerobic
and acid conditions in soil, are hydrolyzed. This is not
surprising as very stable iron(III) complexes are required to
resist hydrolysis. In addition, iron in the oxidation state +III
is very much stabilized over the oxidation state +II in the
presence ofligands binding through one or several phenolate
groups (35), whereas other ligands as, e.g., phenantrolines
and bipyridines stabilize iron(II) over iron(IIl) (36). The
hydrolyzed iron(ITI) —organic complex is most probably stable
enough to be the dominating species also in aerobic aqueous
solutions.

Implications for the Understanding of Trace Metal
Binding in Soils. The use of EXAFS evidence to constrain the
SHM as regards iron(III) binding produced a model that was
simple (with only a single complex) yet effective in describing
both iron(Ill) complexation and its competitive effects on
other trace metals. Moreover, the results show that iron(III)
is a potent competitor and that it needs to be considered in
simulations of trace metal binding in soils.

An unresolved problem when using the model for
simulations is how to estimate the geochemically active
concentration of iron(IIl) in soils. In this study we used 0.1
mol-dm™3 nitric acid to estimate this property, in line with
earlier research (1). This is almost certainly an underestima-
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tion. With the SHM it can be estimated that between 30 and
40% of the organically complexed iron(III) will be desorbed
at pH 1 (the results are valid for the Risbergshéjden Oe
horizon, without extra iron(III) additions). On one hand, a
more aggressive extractant will cause a better recovery, but
on the other hand other, inorganic iron(IIl) phases, such as
iron (hydr)oxides, may be dissolved. In addition, the kinetics
of iron(Ill) release from organic complexes may be rather
slow with many extractants, as has been shown for alumi-
num(IIl) (37).
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