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Adsorption of oxalate and malonate at the water-goethite interface: molecular surface
speciation from IR spectroscopy
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Abstract—The adsorption of oxalate and malonate at the water-goethite interface was studied as a function
of pH and total ligand concentrations by means of quantitative adsorption measurements and attenuated total
reflectance Fourier transform infrared spectroscopy. The obtained results conclusively showed that oxalate and
malonate both form outer-sphere and inner-sphere surface complexes on goethite, and that these complexes
coexist over a broad pH interval. The inner-sphere complexes were favored by low pH, while the relative
concentrations of the outer-sphere species increase with increasing pH. Based on comparisons with model
complexes characterized by Extended X-Ray Adsorption Fine Structure (EXAFS) and results from theoretical
frequency calculations, the structures of the inner-sphere complexes of oxalate and malonate were best
described as mononuclear five- and six-membered ring chelate structures, respectively. The stability of the
inner-sphere complexes followed the trend expected from solutions studies, with the oxalate five-membered
ring yielding the more stable complexes compared to the six-membered ring of malonate. The increased
stability of the inner-sphere complex of oxalate was manifested in a greater extent of adsorption at acidic pH
values. Despite the fact that significant amounts of oxalate and malonate inner-sphere surface complexes were
formed, no ligand-promoted dissolution was observed at the experimental conditions in the study. Copyright
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1. INTRODUCTION

Interactions between particle surfaces and organic matter
containing carboxylic acid groups influence many processes in
natural waters and soils (Stumm, 1992). Some examples are (i)
the dissolution of mineral particles and the subsequent release
of important micronutrients; (ii) the transport of metal ions; and
(iii) the bioavailability of both natural and anthropogenic chem-
icals. In several cases, molecular-based hypotheses have been
proposed to explain the role of organic acids in these and other
processes (for example Bell and Palmer, 1994; Bennett and
Casey, 1994; Drever and Vance, 1994), but due to the lack of
fundamental molecular information, they often have not been
verified or falsified. It is in this context that detailed studies of
model systems are of significant value, since they provide
means to characterize the composition and structure of the
surface species and their reactivity. This information can, in
turn, be used to test the formulated hypotheses.

The quantitative adsorption of carboxylates to mineral sur-
faces has been characterized for many ligand-mineral systems
(e.g., Kummert and Stumm, 1980; Balistrieri and Murray,
1987; Mesuere and Fish, 1992; Ali and Dzombak, 1996; Filius
et al., 1997). Several studies also have been devoted to the
molecular adsorption mechanisms, the structures of the surface
complexes formed, and the reactivity of these species (Parfitt et
al., 1977; Yost et al., 1990; Tejedor-Tejedor et al., 1992; Hug
and Sulzberger, 1994; Nordin et al., 1997; Dobson and Mc-
Quillan, 1999; Kubicki et al., 1999; Boily et al., 2000; Duck-
worth and Martin, 2001; Hind et al., 2001). In most previous
studies, the adsorption of carboxylates has been explained
either by the formation of inner-sphere or outer-sphere surface
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complexes. Inner sphere implies a direct bond between the
carboxylate and a surface metal ion, while in outer-sphere
complexes no such bond exists, and instead the dominating
driving force of formation is the attraction between the posi-
tively charged surface and the negatively charged carboxylate.
In some recent investigations, however, inner-sphere and outer-
sphere complexes of benzenecarboxylates have been found to
coexist on metal (hydr)oxide surfaces (Nordin et al., 1997;
Boily et al., 2000). The structures of these ligands, together
with spectroscopic information, indicated mononuclear inner-
sphere complexes where one oxygen from each of two carbox-
ylate groups coordinated to a surface metal ion forming a
seven-membered ring chelate structure. From solution studies,
it is known that for metal ions such as Fe(III), seven-membered
rings yield comparatively weak complexes, while six- and
five-membered rings generally result in progressively more
stable complexes (Martell and Hancock, 1996). An important
question is if and how such differences in ligand structure also
significantly influence the adsorption reactions, and in particu-
lar the bonding mechanisms between the ligand and the surface.

In this respect, the adsorption of oxalate (C2O4
2�) and mal-

onate (H2C3O4
2�) onto mineral surfaces is of particular interest.

Apart from being suitable model compounds for dicarboxylates
capable of forming five- and six-membered ring chelate struc-
tures, both ligands also occur and play important roles in
aquatic systems and in soils. In previous studies of oxalate and
malonate adsorption to Fe(III) (hydr)oxide mineral surfaces,
different surface structures have been suggested. However, in
almost all cases adsorption was explained by inner-sphere
surface complexation mechanisms. Modeling adsorption data,
Filius et al. (1997) suggested the presence of one oxalate and
three different malonate inner-sphere complexes at the goethite

surface. All were assigned bidentate structures involving only
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one of the carboxylate groups. On the surface of hematite,
Duckworth and Martin (2001) from IR spectroscopic results
concluded mononuclear five-membered and six-membered ring
chelates involving both carboxylate groups for oxalate and
malonate, respectively, as the only surface species. Also using
IR spectroscopy, Lenhart et al. (2001), on the other hand,
suggest the formation of two or more surface species on he-
matite, of which at least one is an inner-sphere complex. From
these few examples it is clear there is disagreement in the
literature concerning how oxalate and malonate bind to sur-
faces of iron (hydr)oxides.

The present study was designed to further investigate the
molecular speciation of oxalate and malonate adsorbed onto an
Fe(III) (hydr)oxide mineral surface. To accomplish this, ad-
sorption of oxalate and malonate on goethite were studied over
a wide range of chemical conditions, varying pH, total ligand
concentration, and time. Each sample was characterized at both
macroscopic and molecular levels. Total adsorption and the
potential release of iron into solution were measured with
classical wet-chemical techniques, and the molecular-level sur-
face speciation was investigated by in situ IR spectroscopy. To
facilitate the interpretation of the IR spectra obtained, these
were compared with spectra of model species in solution and
with theoretical frequencies obtained from molecular orbital
calculations. The structures of the aqueous Fe(III) model com-
plexes with oxalate and malonate were characterized by means
of extended X-ray absorption fine structure (EXAFS) spectros-
copy.

2. EXPERIMENTAL

2.1. Chemicals and Solutions

The synthesis and characterization of the goethite particles have been
described in detail by Lützenkirchen et al. (2002). Briefly, goethite
(�-FeOOH) was prepared in polyethylene bottles by adding 2.5 L of
2.5 M KOH (EKA p.a.) to 10 L of 0.15 M Fe(NO3)3 (Merck p.a.) at a
rate of 10 mL/min. The precipitates were aged for 48 h at 80°C and
dialyzed for two weeks. The resulting particles were identified to be

Table 1. The dominating species of the oxalate and malonate solutio
constants from (Smith and Martell, 1982).

Analyzed
Species

[Ltot]
(mM)

[Fetot]
(mM) pH

[H2L]
(mM)

[H
(m

IR

H2C2O4 100.0 1.2 40.0 6
HC2O4 100.0 2.2 5.9 9
C4

2� 100.0 7.3
Fe(C2O4)� 30.0 30.0 1.5
Fe(C2O4)3

3� 90.0 30.0 4.0
H4C3O4 20.0 1.0 19.6
H3C3O4 20.0 3.7 1.3 1
H2C3O4

2� 20.0 8.5
Fe(H2C3O4)� 15.0 30.0 1.8 0.4
Fe(H2C3O4)3

3� 95.0 30.0 4.4 0.1

EXA

Fe(C2O4)3
3� 90.0 30.0 4.0

Fe(H2C3O4)3
3� 175.0 40.0 5.6
goethite by X-ray powder diffraction. The N2 BET surface area was
determined to 84 m2/g. The suspension was diluted to a concentration
of 10.8 g/L and NaCl added to an ionic strength of 0.1 M before used
in the adsorption experiments.

For all experimental work, deionized water (Milli-Q Plus) boiled for
45 min to remove dissolved CO2, was used. pH adjustments were
accomplished with NaOH (0.5 or 0.1 M) and HCl (0.1 M). Sodium
chloride (Merck p.a.) was dried at 180°C and used to obtain a total
chloride concentration of 0.1 M in all solutions and suspensions used.
Ligand solutions were prepared by dissolving weighed amounts of
disodium oxalate (Na2C2O4, Merck, p.a.) and malonic acid (C3H4O4,
Merck, p.a.).

For the adsorption experiments, the ligand solutions were spiked
with the 14C isotope of oxalic and malonic acid (Amersham Interna-
tional) to obtain a total activity of �300 Bq/ml of suspension. For
quantitative analysis, the scintillation cocktail Optiphase “High Safe 3”
(Wallac) was used.

Solutions of H2L, HL�, L2�, FeL�, and FeL3
3� (L2� � C2O4

2� or
H2C3O4

2�) were prepared for the collection of EXAFS and IR spectra.
To obtain solutions containing predominantly one species, model cal-
culations using the chemical speciation program SOLGASWATER
(Eriksson, 1979) were performed. Stability constants were taken from
Smith and Martell (1982). The compositions of the solutions are
summarized in Table 1. For the determination of the IR molar absorp-
tion coefficients for L2� (aq) and FeL� (aq), solutions in the range 5 to
20 mM were prepared.

2.2. Adsorption Experiments

The pH dependence of ligand adsorption was studied in series of
batch experiments in the pH range 2.5 to 8. Four series were carried out
at total malonate concentrations of 0.6, 0.7, 0.8, and 1.4 �mol/m2, and
two series at total oxalate concentrations of 0.7 and 1.4 �mol/m2. The
goethite suspension was acidified to pH �5, and purged with Ar (g)
overnight before use. Five ml of suspension was placed in 10 mL
polypropylene centrifuge tubes and different amounts of 0.1 M NaOH
or HCl was added to get an even distribution of pH values. pH was
measured with a combination pH electrode (Ross). The outer reference
cell was filled with 0.1 M NaCl and calibrated with solutions of known
[H�], which means that pH corresponds to �log[H�] and not to
�log(aH

�). Ligands solutions spiked with the 14C isotope were added,
and the samples were left to react on an end-over-end rotator for 24 �
1 h after which pH was measured. The samples were centrifuged at
4500 rpm for 10 min, after which some of the supernatant was used for
immediate IR analysis. 2.25 mL of supernatant was transferred into a

lyzed by EXAFS and IR spectroscopy. Compositions calculated using

[L2�]
(mM)

[Fe3�] (aq)
(mM)

[FeL�]
(mM)

[FeL2
�]

(mM)
[FeL3

3�]
(mM)

ns

4.0
100

3.9 20.3 4.0
0.7 29.3

0.8
20

11.7 13.9 0.3
1.5 3.9 26.1

tions

0.8 29.2
0.4 39.6
ns ana

L�]
M)

solutio

0.0
0.0

0.2
0.4
7.9

0.1
7.2

FS solu
new centrifuge tube and centrifuged for a further 20 min, from which
solution for dissolved iron and ligand analyses were taken. A small
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volume of supernatant was left to cover the mineral paste until used for
IR analysis, which was started within 20 min of sample collection.

Adsorption experiments as a function of time were carried out at
constant pH using an ABU 901 pH stat controller connected to an ABU
302 burette filled with 0.1 M HCl and a combination pH electrode
(Ross). Again the outer reference cell of the electrode was filled with
0.1 M NaCl and calibrated with solutions of known [H�]. The goethite
suspension (initial volume 75 mL) was adjusted to the required pH and
purged with Ar(g) for at least 16 h to remove any dissolved CO2 before
the ligand solution was added. After different reaction times (from a
few min to 48 h), 5 mL sample aliquots were removed into 10 mL
polypropylene centrifuge tubes. The samples were immediately centri-
fuged and the procedure described above was followed.

2.3. Analysis

For iron analysis, duplicate samples were acidified to pH below 2
with concentrated HCl (analytical grade). Total iron was measured
using flame atomic absorption spectrometry (Perkin-Elmer AAS 3110).
However no significant dissolution of goethite was detected; all sam-
ples were around or below the detection limit 2 �M [Fe]tot. Accord-
ingly, at the experimental conditions studied herein no ligand-promoted
dissolution was observed.

Liquid scintillation counting (LSC) was used to determine the con-
centration of ligand in the supernatant. For analysis, 0.5 mL of the
supernatant was thoroughly mixed with 3 mL of Optiphase “High Safe
3” (Wallac) scintillation liquid. The samples were kept in the dark
overnight before being analyzed using a Beckman LS6500 Multi-
purpose scintillation counter. The difference between the total activity
added and the one detected in the supernatant was assumed to be
directly proportional to the amount of ligand adsorbed onto the goethite
particles. At high pH, where no adsorption takes place, full recovery of
the radioactivity added was observed showing that there was no prob-
lem with ligand adsorption to the walls of the reaction vials or the
centrifuge tubes during sample handling. The reproducibility was tested
separately using a typical setup. Results within 2% were obtained for
repeating the same experiment as well as quadruple replicate analysis
of each repeat.

2.4. Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) Spectroscopy

The IR spectra were collected with a Perkin-Elmer Spectrum 2000
FTIR spectrometer equipped with a deuterated triglycine sulfate
(DTGS) detector. All adsorption samples were analyzed as wet pastes
with the ATR-FTIR technique. The spectra were recorded with a
horizontal ATR accessory and a diamond/KRS5 material as the reflec-
tion element (SensIR Technologies). The angle of incidence for this
setup is �45°, which is far from the critical angle (ca. 30°). This,
together with the fact that only peaks with low intensities are analyzed
and that these do not overlap with stronger peaks (except for the
asymmetric C-O stretch which overlaps with the intense H2O bend),
indicates that the effects of possible distortions known to occur in ATR
spectra are minimized (Urban, 1996). The IR samples were prepared
according to the procedure for the adsorption samples described above.
After collecting the spectra of the empty cell and the supernatant, the
wet paste was uniformly applied directly onto the diamond crystal and
data were collected. During data collection, a quartz lid was placed

Table 2a. Experimental IR frequencies and tentative assignments of
the main peaks of oxalate and protonated oxalate species in the fre-
quency region 1200–1800 cm�1.

Assignment C2O4
2� HC2O4

� H2C2O4

�CAO — 1728 1735
�COO

as 1569 1609 —
�COO

s 1308 1307 —
�COOH — 1242 1233
over the ATR crystal and pressed tightly against a rubber gasket,
ensuring no contact between the quartz lid and the sample. This sealed
the sample from the atmosphere during data collection. For each
spectrum, 100 scans were collected at a resolution of 4 cm�1. The time
from sampling of the suspension to completion of the paste spectrum
was 30 to 35 min.

The raw spectrum of the wet paste is dominated by the strong
absorptions between 1900 and 2600 cm�1 from the type II diamond
and by the strong contributions from water. Therefore, to isolate the
spectrum of ligand at the water-goethite interface, a subtraction proce-
dure was necessary, of which the most critical step is to correctly
remove the 1638 cm�1 water peak originating from the bending motion
of bulk water. The empty cell spectrum was first subtracted from the
supernatant and wet paste spectra, after which the resulting supernatant
spectrum was subtracted from the corresponding paste spectrum. In this
step, the subtraction of the 1638 cm�1 water peak was accomplished by
using an appropriate subtraction factor of the supernatant spectrum. In
this study, the factor varied between 0.97 and 1.0. Finally, the spectrum
of goethite with no ligand present was subtracted to facilitate and
minimize errors (or to further enhance the signal of the adsorbed
organic ligand over the bulk mineral) in the quantitative peak evalua-
tion. An important part of this work was also to study the solution
complexes. To isolate IR spectra of ligand and iron-ligand species in
the aqueous solutions, a similar procedure was followed, but for sub-
traction of the water contribution a spectrum of 0.1 M NaCl of match-
ing pH was used.

Since ligand and iron-ligand species are present not only on the
mineral surface but also in the aqueous phase, there is a possibility of
interference from the species in solution, particularly at high pH when
little ligand is adsorbed. In the experiments performed in this study,
however, the highest total ligand concentrations were 1.2 mM, which is
at the detection limit for these species with the ATR-FTIR technique
and the experimental setup used in this study. The reason why we
observe ligands at the interface is due to the adsorption, which signif-
icantly increases the “effective ligand concentration” in the paste. The
supernatant spectra were checked for contributions from the ligand, and
in all spectra presented, the ligand peak intensities were less than 5%
of the intensities in the paste spectra. This contribution is further
reduced by the subtraction procedure.

2.5. Extended X-Ray Absorption Fine Structure
(EXAFS) Spectroscopy

2.5.1. EXAFS measurements

Fe K-edge EXAFS data were measured at the Stanford Synchrotron
Radiation Laboratory, California on beam line 4-1. The ring energy
was 3.0 GeV with ring currents between 60 and 100 mA. A Si(220)
double crystal monochromator was used and detuned 50% to eliminate
higher order harmonics. The incoming and transmitted beam was
registered using ion chambers filled with N2. The data were collected at
room temperature in the fluorescence mode, with a Lytle detector filled
with Ar gas. A Mn 6 �x filter and Soller slit setup were used to reduce
K� fluorescence and scattering contributions to the signal. Internal
calibration was performed by simultaneously measuring spectra from
an Fe foil in transmission mode, throughout the duration of all scans.
Six scans were collected per sample.

Table 2b. Experimental IR frequencies and tentative assignments of
the main peaks of malonate and protonated malonate species in the
frequency region 1200–1800 cm�1.

Assignment H2C3O4
2� H3C3O4

� H4C3O4

�CAO — 1725 1730
�COO

as � �CCH 1564 1576 —
�CCH 1438 1463 1464
�COO

s � �CCH 1409 1412 —
�COO

s � �CCH 1357 1372 —
�CCH 1258 1257 —

�COOH — 1274, 1168 1220, 1172
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2.5.2. EXAFS data treatment

The EXAFS data were energy-calibrated and averaged with EXAF-
SPAK (George, 1995), and further analyzed using WinXAS (Ressler,
1998). Standard procedures were used for preedge subtraction, data
normalization, and spline removal. The k3-weighted EXAFS oscilla-
tions were Fourier transformed over the k-range 3.3 to 14.5 Å�1 using
a Bessel window function. The resulting Fourier transforms were used
in the least-squares refinements, thus all results presented herein were
obtained from R-space fits. Theoretical phase and amplitude functions,
used in the refinements, for single and multiple scattering paths within
assumed molecular models were calculated with the ab initio code
FEFF7 (Ankudinov et al., 1998). The input structure was that obtained
from the molecular orbital calculations and geometry optimizations of
Fe(C2O4)3

3� and Fe(H2C3O4)3
3� (see the paragraph below). Since the

EXAFS amplitude is proportional to the coordination number and the
amplitude reduction factor, S0

2, the EXAFS spectrum of an acidic
solution of iron(III) nitrate, where the Fe-O coordination number of
Fe(H2O)6

3� is known to be 6 (Johansson, 1992), was used to refine S0
2.

This value was found to be close to one, with the phase and amplitude
functions for the Fe-O scattering path obtained from the FEFF calcu-
lation of Fe(H2C3O4)3

3�, and was set to one during the refinements of
the EXAFS spectra.

2.6. Molecular Orbital Calculations

Theoretical vibration frequencies of the geometry optimized
Fe(C2O4)3

3� and Fe(H2C3O4)3
3� complexes were calculated with the

density functional theory (DFT) using the hybrid functionals B3LYP.
The standard 6-31�G* basis set was used in all calculations, and they
were run with iron in its high-spin state (s � 6). No attempts were made
to account for solvation effects. The calculations were performed with
the program Gaussian 98 by Gaussian Inc., Pittsburgh, Pennsylvania

Fig. 1. k3-weighted EXAFS spectra (left) of Fe(C2O4)3
3� (aq) (top)

and Fe(H2C3O4)3
3� (aq) (bottom), and the Fourier transformed data

(right) of Fe(C2O4)3
3� (aq) (top) and Fe(H2C3O4)3

3� (aq) (bottom).
Experimental data are described by solid lines and the fit results with
broken lines.
Fig. 2. Structures of (a) Fe(C2O4)3
3� and (b) Fe(H2C3O4)3

3�
USA (Frisch et al., 2001), and visualization of the calculated vibra-
tional modes was accomplished with HyperChem v. 5 by Hypercube,
Gainesville, Florida USA. The potential energy minimum structures of
the complexes were obtained without applying symmetry restrictions;
i.e., all bond lengths, angles, and dihedral angles were allowed to vary.
The vibrational frequencies were calculated for the optimized struc-
tures and only real frequencies were obtained, which show that these
structures represent minima at the potential energy surface.

3. RESULTS AND DISCUSSION

3.1. Structure and IR Spectra Of Aqueous Fe(III)
Complexes with Oxalate and Malonate

A way to assess the structures of the oxalate and malonate
surface complexes is by comparing their characteristic IR fea-
tures to those of aqueous model complexes. This method relies
on the fact that the IR characteristics of the ligands are very
much determined by local chemical interactions, and thus, if
the local chemical environments are similar in solution and at
the surface, practically identical IR spectra are expected. With
this approach the IR spectra-structure relationships for the
model complexes need to be known. For aqueous oxalate and
malonate, and protonated species thereof, the IR spectra have
been previously discussed and assigned, and this information is
summarized in Tables 2a and 2b (Cabaniss et al., 1998; Axe
and Persson, 2001; Rosenqvist et al., 2003). To establish such
relationships and to assign the IR spectra of aqueous Fe(III)
complexes with oxalate and malonate also, the local structures
around Fe(III) in Fe(C2O4)3

3� and Fe(H2C3O4)3
3� were charac-

terized by means of EXAFS spectroscopy. Once these struc-
tures were known, the experimental IR spectra could be as-
signed by calculating the theoretical frequencies of these
structures using ab initio quantum chemical methods.

The k3-weighted EXAFS spectra and the Fourier trans-
formed data of Fe(C2O4)3

3� and Fe(H2C3O4)3
3� are shown in

Figure 1. By comparison with other oxalate and malonate
complexes (Clausén et al., 2003), the most likely coordination
geometries are chelate structures where one oxygen from each
carboxylate group binds to Fe(III), forming five- and six-
membered rings, respectively. Therefore, the chelate structures
of Fe(C2O4)3

3� and Fe(H2C3O4)3
3� (Fig. 2) obtained from the

DFT geometry optimizations were used as input to FEFF7 to
calculate the dominant scattering paths and to obtain phase and
obtained from the DFT geometry optimizations.

R space
Therefore, the chelate structures

R space
Fe(C O 3� and Fe(H C O 3� (Fig. 2) obtained from the

R space
DFT geometry optimizations were used as input to FEFF7 to

R space
calculate the dominant scattering paths and to obtain phase

R space
and
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amplitude functions for fitting the experimental data. The paths
to be included in the fits were selected from the most important
single scattering contributions and multiple scattering contri-
butions as predicted by the FEFF calculations (see Fig. 2; Table
3). Thus, the fit results presented below will reveal structural
similarities and differences between the DFT optimized struc-
tures and the solution complexes. To keep the number of fit
parameters as low as possible, no multiple scattering paths from
the first coordination shell were included. The coordination
numbers, distances, and Debye-Waller factors for the single
scattering contributions were free variables in the fits, whereas
the coordination numbers and the distances of the multiple
scattering paths were correlated to the corresponding single
scattering contributions. In none of the data fits was the Bril-
louin-Nyquist limit on the number of free variables (Nfree

� 2�rfiltered�k/�) exceeded (Brillouin, 1962). This fitting ap-
proach provided a very good fit to data, and the models are
presented in Figure 1 and Table 3.

First shell fits revealed close to six oxygen back-scatterers at
a distance of 2.02 Å for both complexes. Also, the Debye-
Waller factors were very similar. These observations show that
the bonding, as viewed by EXAFS spectroscopy, between
Fe(III) and the two ligands is practically identical and any
differences in the thermodynamic stabilities of the two com-
plexes is probably not due to differences in the local bonding
between Fe(III) and the oxygen atoms.

The higher order shells are satisfactorily modeled by single-
scattering paths from the carbon atoms and the distal oxygens, in
combination with multiple scattering contributions involving the
coordinated oxygens, the distal oxygens, and the carbon atoms of
the ligand (cf. Figs. 1 and 2; Table 3). The main differences
between the two systems are the Fe-C single scattering contribu-
tion from the additional central carbon atom of malonate, and the
need to include a four-legged Fe-C-O-C multiple-scattering path
to fit the higher shells of the Fe(III)-oxalate complex. The reason
why this multiple scattering path is needed to fit the oxalate system
only is believed to be due to the geometry of the five-membered
chelate ring structure. This structure makes the Fe-C-Odistal path
more linear than in the malonate complex, and thus increases the
significance of multiple scattering through these atoms. As seen in

Table 3. EXAFS fit results of Fe(I

Path

Fe(C2O4)3
3�

N R (Å) �2

FeOO 5.9 2.02 (2.04) 0.0086
FeOC 5.9 2.82 (2.87) 0.0056
FeOOOC# 11.8 3.06 0.0120
FeOC — — —
FeOOdistal 5.9 4.03 (4.05) 0.0029
FeOCOO# 11.8 4.04 0.0061
FeOCOOOC# 11.8 4.08 0.0077
FeOOOO# 11.8 4.15 0.0148

S0
2 was fixed at 1. Values in parentheses are distances from the DF

Energy shift, �E0, was allowed to vary, but kept internally constan
Uncertainties in R are estimated in the first shell to �0.02 Å and in
Uncertainties in coordination numbers are estimated to at least �20
# MS paths correlated to single scattering coordination numbers a

calculations.
Table 3, the distances obtained from the EXAFS analysis are in
close agreement with those in the DFT structures. This, together
with the coordination numbers of Fe-C and Fe-Odistal, show that
both oxalate and malonate coordinate with the expected chelate
structures depicted in Figure 2.

In accordance with these findings, the theoretical IR spectra of
the DFT optimized structures are in reasonable agreement with the
experimental IR spectra of Fe(C2O4)3

3� and Fe(H2C3O4)3
3� (Fig.

3), considering that solution effects have been neglected in the
calculations. Since the theoretical vibrational modes are known,
we can by direct comparison tentatively assign the experimental
frequencies (Tables 4a and 4b). These assignments are in good
agreement with those previously suggested (Öhrström and
Michaud-Soret, 1999), and provide explanations to the observed
spectral changes when the deprotonated ligands are transferred
from a hydrated state to a Fe(III)-coordinated chelating state
(Tables 2a and b and 4a and b). From these assignments it is also
clear that the intense C-O stretching vibrations constitute distinct
indicators for both ligands in these two structural environments.
Finally, the close similarity between IR spectra of FeL� and
FeL3

3� (L � oxalate or malonate) is noteworthy. This similarity
implies that most probably the ligands retain the chelating struc-
ture in all of the aqueous FeLn

(3�2n) complexes, which has previ-
ously been shown to be the case for the corresponding Ga(III) and
Al(III) complexes (Clausén et al., 2003).

3.2. Characterization of Surface Complexes

The main objectives of the IR-spectroscopic measurements
were to study how the IR spectral characteristics of adsorbed
oxalate and malonate change with pH and ligand concentration
to determine the number of surface complexes and their coor-
dination modes to the goethite surface. Both systems were
studied at total ligand concentrations of 0.7 and 1.4 �mol per
m2 of goethite. The IR spectra at these two concentrations were
very similar in appearance, and therefore, only the 1.4 �mol/m2

results will be discussed in this section. In the quantitative
evaluation presented below, however, results from both total
concentrations will be used.

In a previous study of oxalate adsorbed on boehmite, the
distribution of surface species was shown to vary with time

plexes with oxalate and malonate.

Fe(H2C3O4)3
3�

�E0 N R (Å) �2 �E0

3.8 6.1 2.02 (2.04) 0.0082 4.2
3.8 6.1 2.97 (3.03) 0.0077 4.2
3.8 12.2 3.12 0.0426 4.2
— 3.1 3.26 (3.29) 0.0064 4.2
3.8 6.1 4.18 (4.20) 0.0095 4.2
3.8 12.2 4.22 0.0084 4.2
3.8 — — — —
3.8 12.2 4.22 0.0123 4.2

ized structures.
shells within a particular complex.

gher order shells to �0.04 Å.

nces, and angles fixed to values of the structures used in the FEFF
II) com

T optim
t for all

the hi
%.

nd dista
(Axe and Persson, 2001), and 10 to 15 h of reaction were

R space
amplitude functions for fitting the experimental data. The paths

R space
to be included in the fits were selected from the most important

R space
single scattering contributions and multiple scattering contributions

R space
as predicted by the FEFF calculations
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needed to reach steady state. In contrast, time-resolved mea-
surements of the systems studied herein showed that steady
state was attained after 2 h of reaction. All results presented
below were obtained after 24 h of reaction, and thus represent
equilibrium or pseudoequilibrium conditions.

3.2.1. Identification of oxalate surface complexes

When oxalate adsorbs to goethite, prominent peaks occur
at 1713, 1692, 1590, 1404 (at pH 2.7; gradually increasing to
1427 at pH 6.8), 1307, and 1255 cm�1 (Fig. 4). Going from
low to higher pH, an increase in the relative importance of

Fig. 3. ATR-FTIR spectra of FeL� (upper spectrum)
� malonate. Included are also the theoretical IR spectra o
bending mode of the four coordinated water molecules n

Table 4a. Main experimental and theoreti

�COO
nb �COO

n

Fe(C2O4)� (e) 1713 1691
Fe(C2O4)3

3� (e) 1710 1683
Fe(C2O4)3

3� (t) 1684 1674

The assignments of the experimental frequ
frequency calculations.

(e) experimental frequencies.
(t) theoretical frequencies.
# Shoulder, resolved in second derivative
nb
 the oxygen of the carboxylate group not bonde
b the oxygen of the carboxylate group bonded to
the 1590 and 1307 cm�1 peaks is observed, suggesting that
the surface speciation is pH dependent and that more than
one surface species is formed. To confirm this, the IR
spectrum at the highest pH was subtracted from those at
lower pH values, and vice versa. Differences in the amount
of adsorbed oxalate were corrected for by adjusting the
subtraction factor accordingly. This subtraction procedure
resulted in two sets of very different IR-spectroscopic fea-
tures, showing the presence of two structurally different
surface complexes and confirming that the distribution be-
tween these two surface species is pH dependent (Fig. 5).

3
3� (lower spectrum) where (a) L � oxalate, and (b) L
from the DFT calculations. *This band is assigned to the

o complete the octahedral structure of FeL� (aq).

requencies of Fe(III)-oxalate complexes.

�COO
b � �COC �COO

b � �OOCOO

1389 1246
1392 1267, 1252#

1384 1289

are based on the results from the theoretical

m.
and FeL
3�
cal IR f

b

encies

spectru

d to Fe(III).
Fe(III).
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3.2.2. Structural assignment of oxalate surface complexes

Subtracting the spectrum of the pH 2.7 sample from spectra
of samples prepared at higher pH results in residuals at 1582
and 1307 cm�1, which is in close agreement with the spectrum
of C2O4

2� (aq) (�C-O
as at 1569 and �C-O

as at 1308 cm�1) (Fig. 5).
This shows that the immediate surroundings of oxalate have not
changed significantly upon adsorption, and is thus indicative of
outer-sphere complexation (Axe and Persson, 2001). However,
the full width at half maximum (FWHM) of the 1582 and 1307
cm�1 peaks has increased significantly in comparison with the
solution spectrum, a phenomenon that can be attributed to a
range of slightly different states, including all adsorbed oxalate
except those ions directly coordinated to Fe(III). Thus, this
encompasses both oxalate ions with an intact hydration shell,
and ions which are partly desolvated and hydrogen bonded to
surface hydroxyl groups and surface coordinated water mole-
cules. This latter bonding mode is thought to be the cause of the
shift of the �C-O

as from 1569 cm�1 in solution to 1582 cm�1 at
the surface. The collective term HBSC (hydrogen bonded sur-
face complex) will be used for the outer-sphere types of surface
complexes.

Subtracting the spectrum of the pH 7.8 sample from the
spectra of samples prepared at lower pH values results in
residuals with peaks at 1710, 1690, 1400 (exact wavenumber
pH dependent), and 1255 cm�1, which is very similar to the
spectrum of aqueous Fe(C2O4)� (Fig. 5). This strong resem-
blance suggests that oxalate, in addition to HBSC, also forms
inner-sphere surface complexes with a structure similar to that
of Fe(C2O4)� (aq), and hence, complexes with a mononuclear
five-membered ring chelate structure. A broadening of the 1400
cm�1 peak with 14 cm�1 was observed, which might indicate
heterogeneity of the inner-sphere sites. Since direct bonds
between structural Fe(III) and oxalate are formed, this surface
species will be referred to as MBSC (metal-bonded surface
complex) in the following discussion.

At the low end of the pH range investigated, a substantial
amount of the oxalate in solution is in the monoprotonated form
(pKa1 � 0.97, pKa2 � 3.57) (Smith and Martell, 1982), and
thus, conditions exist for formation of protonated surface com-
plexes. As indicated in Table 2a, the strong �C � O peak around
1735 cm�1 and the equally strong �C-OH peaks around 1233
cm�1 are very good indicators for protonation of the oxalate
molecule. Neither of these features were observed in the IR
spectra of oxalate adsorbed on goethite, and we conclude that
no protonated outer-sphere surface species are formed at de-

Table 4b. Main experimental and theoretical IR frequencies of
Fe(III)-malonate complexes.

�COO
nb �COO

b � �COC � �CH2

Fe(H2C3O4)� (e) 1610, 1599 1416, 1389, 1285
Fe(H2C3O4)3

3� (e) 1588 1414, 1390, 1283
Fe(H2C3O4)3

3� (t) 1639, 1637, 1633 1418, 1414, 1318

The assignments of the experimental frequencies are based on the
results from the theoretical frequency calculations.

(e) experimental frequencies.
(t) theoretical frequencies.
nb denotes the oxygen of the carboxylate group not bonded to Fe(III).
b denotes the oxygen of the carboxylate group bonded to Fe(III).
tectable concentrations under the conditions studied.
3.2.3. Identification of malonate surface complexes

Figure 6 shows IR spectra of malonate adsorbed on goethite
as a function of pH at a total ligand concentration of 1.4
�mol/m2. Strong peaks are seen around 1580, 1430, and 1340
cm�1, and a weaker one at 1258 cm�1. The relative intensity of
the 1340 cm�1 peak, compared to that at 1430 cm�1, increases
with increasing pH. Concurrent with this change is the shift of
the broad band from 1582 cm�1 at pH 2.8 to around 1560 cm�1

at pH 7.5. These observations show the existence of at least two
predominating surface complexes, but the changes are less
obvious than in the oxalate system and require further investi-
gation.

To study the spectral features and changes in more detail, the
second-derivative spectra were calculated. Derivative spectra
usually have sharper features and can be used to reduce the
effect of overlapping bands. Thus, calculating the derivatives is
a mathematical way of apparently enhancing the resolution.
One problem is that the derivative procedure emphasizes nar-
row features, including noise, and an appropriate interval of
data points for the calculation of the derivatives must therefore
be chosen, in order not to overemphasize the noise. Another
problem is that depending on the shape of the peaks, the
derivative spectra might show slight variability of the peak
positions compared to the original spectra. This is especially
true for broad features containing several overlapping peaks. In
second derivatives, sharp negative minima are expected where
there are positive maxima in the original spectrum. Therefore,
to make the comparison to the original spectra easier, the
inverted (around the x-axis) second-derivative spectra are pre-
sented.

The inverted second-derivative spectra of malonate adsorbed
on goethite as a function of pH are presented in Figure 7. These
spectra show some features independent of pH, but also distinct
differences. Throughout the pH range studied (pH 2.8–8),
sharp maxima occur at 1431 and 1258 cm�1. The 1431 cm�1

Fig. 4. ATR-FTIR spectra of oxalate adsorbed at the water-goethite

interface at pH (a) 7.8, (b) 6.8, (c) 5.3, (d) 4.7, and (e) 2.7, at a total
oxalate concentration of 1.4 �mol/m2.
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is asymmetric, suggesting that a second and strongly overlap-
ping peak is present. Around 1340 cm�1, the shape and the
position of the second-derivative peaks vary with pH. It is
clear, however, that at least two peaks are present, and that the
high frequency component predominates at high pH while the
low frequency peak is most prominent at low pH. The large
peak around 1580 cm�1 is resolved into two peaks at high pH.
As pH is lowered, the separation between the two peaks seems
to decrease, although these shifts might be an artifact of the
derivative calculations. At low pH, one peak becomes strongly
dominating, and at pH below 4, only one maximum is observed
at 1581 cm�1. These variations with pH show that the broad
peaks at 1580 and 1340 cm�1 consist of more than one spectral
feature, whose relative distribution is strongly pH dependent,
which suggests that they originate from different surface com-
plexes.

To confirm the presence of different surface complexes and
their characteristic features, again the spectral subtraction
method was used. Subtracting the 2.8 pH spectrum from those
at higher pH results in residuals at 1551, 1343, and 1258 cm�1,
while subtracting the pH 7.6 spectrum from those at lower pH
gives peaks at 1586, 1423, and 1315 cm�1. These two different
sets of spectral features obtained (shown in Fig. 8) confirm that
(as suggested by the original spectra and second derivatives)
two predominating surface complexes of malonate can be iden-
tified under the conditions studied.

3.2.4. Structural assignments of malonate surface complexes

The first surface complex (Fig. 8b), whose relative impor-
tance increases with increasing pH, absorbs intensely at 1550
and 1343 cm�1 and less so at 1256 cm�1, which is very similar
to the � peaks in the IR spectrum of H C O2� (aq). This

Fig. 5. (a) ATR-FTIR spectrum of C2O4
2� (aq); (b) difference spec-

trum obtained by subtracting spectrum Figure 4e (pH 2.7) from spec-
trum Figure 4a (pH 7.8); (c) ATR-FTIR spectrum of Fe(C2O4)� (aq);
and (d) difference spectrum obtained by subtracting spectrum Figure 4a
(pH 7.8) from spectrum Figure 4e (pH 2.7). The subtraction procedure
is described in the text.
C-O 2 3 4

shows that there is no direct bond between malonate and
Fe(III), and consequently these spectral features are ascribed to
the presence of a HBSC. At the surface, these peaks are
broadened and slightly shifted to lower wavenumbers. Thus,
the overall behavior is very similar to that of HBSC of oxalate,
and the suggested explanations for the peak broadening most
probably are valid also for the malonate surface complexes.
One difference between oxalate and malonate, however, is the
direction of the small peak shifts as compared to the aqueous
species. The reason to this is not clear, but since the actual
vibration modes are slightly different (see Tables 2a and 2b) the
analysis is difficult to make without extensive molecular orbital
calculations.

The second complex (Fig. 8d), present under all conditions
investigated here and becoming more important at low pH,
shows strong peaks at 1586 cm�1, 1422 cm�1, (asymmetric)
and a weaker one at 1316 cm�1. When comparing this to the
solution spectra, all the features from Fe(H2C3O4)� (aq) are
found, which implies inner-sphere complexation to Fe(III). The
1416 cm�1 in the aqueous complex has broadened and shifted
8 cm�1 towards higher wavenumbers, resulting in the broad
and asymmetric peak at 1422 cm�1, of which 1382 cm�1 is a
component, as shown in the second-derivative spectra. On the
other hand, the �C-O

nb at 1600 cm�1 in solution has shifted 16
cm�1 downwards to 1584 cm�1 in the surface complex. This
means that the split between �C-O

nb and �C-O
b has decreased 24

cm�1 as compared to the solution complex, which might indi-
cate a slightly weaker interaction with the surface (Deacon and
Phillips, 1980; Persson et al., 1998). Despite the shifts in
frequencies, the overall IR characteristics of Fe(H2C3O4)� (aq)
and the surface complex are very similar, and accordingly, the
structure of the MBSC is suggested to be a six-membered
chelate ring.

Because of the relatively high pKa values of malonic acid
(pKa1 � 2.65, pKa2 � 5.28) (Smith and Martell, 1982), con-
ditions are more favorable for formation of protonated surface
complexes than in the oxalate system. However, the absence of

Fig. 6. ATR-FTIR spectra of malonate adsorbed at the water-goethite

interface at pH (a) 7.6, (b) 6.7, (c) 5.5, (d) 4.8, (e) 3.8, and (f) 2.8, at
a total malonate concentration of 1.4 �mol/m2.
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the peaks corresponding to �C � O and �C-OH (see Fig. 6; Table
2b) again shows that no protonated outer-sphere surface com-
plexes form under the conditions studied herein.

Overall, in comparison with previous studies our results are
in good agreement with those of malonate adsorbed on hema-
tite presented by Lenhart et al. (2001).

3.3. Quantitative Evaluation of the Molecular-Level
Surface Speciation

The discussion above has shown that the distribution be-
tween MBSC and HBSC of oxalate and malonate is strongly
pH dependent. To gain further insight about the pH dependent
surface speciation, IR spectra were evaluated in a semiquanti-
tative manner to estimate the actual concentrations of the
different surface complexes.

The method to quantitatively evaluate the IR spectra has
been described in a previous publication (Axe and Persson,
2001) and relies on the similar appearance of the spectra of
C2O4

2�/H2C3O4
2� (aq) and Fe(C2O4)�/Fe(H2C3O4)� (aq) and

their surface counterparts HBSC and MBSC, respectively. By
recording IR spectra for L2� and FeL� solutions (L � oxalate
or malonate) at different concentrations, the molar absorption
coefficients (�) of the observed peaks can be determined.
Though the absolute �-values of the solution complexes and the
surface complexes may differ, it is likely that the ratio of � for
two particular peaks should be approximately similar for the
solution and the surface species. Thus, by determining the �
ratio from the solutions, analyzing the areas of the correspond-
ing peaks of the surface complexes, and knowing the total
ligand adsorption, the absolute surface concentration of the
individual surface complexes can be calculated from IR spec-
troscopy data. Note that this approach relies on the similarity of
vibrations between solution and surface complexes. If the vi-

Fig. 7. The inverted second-derivative ATR-FTIR spectra of the
malonate-goethite interface at pH (a) 7.6, (b) 6.7, (c) 5.5, (d) 4.8, (e)
3.8, and (f) 2.8, at a total malonate concentration of 1.4 �mol/m2.
brational modes are significantly different, then the probability
of absorption of infrared radiation will also be different and the
method will fail.

The 1308 cm�1 (C2O4
2�), 1357 cm�1 (H2C3O4

2�), 1390
cm�1 (Fe(C2O4)�), and 1416 � 1383 cm�1 (Fe(H2C3O4)�)
peaks were selected for the quantitative evaluation, and the
absorptivities were determined from solutions containing 5 to
20 mM to 0.0137, 0.0085, 0.0101, and 0.0169 A2/M, respec-
tively, using linear regression. Thus, the corresponding �L/�FeL

ratios were 1.4 and 0.5 for the oxalate and malonate systems.
Assuming that the � ratios are the same for the corresponding
peaks characterizing the HBSC and MBSC, and by combining
the equations:

CHBSC 	 CMBSC 
 Ctot

CHBSC ⁄ CMBSC 
 (�FeL ⁄ �L)(AHBSC ⁄ AMBSC)

where CHBSC is the surface concentration of HBSC, CMBSC is
the surface concentration of MBSC, Ctot is the total surface
concentration (as measured by liquid scintillation counting),
AHBSC and AMBSC are the HBSC and MBSC selected peak
areas, expressions for calculating the surface concentration of
the individual complexes can be derived:

CMBSC 
 Ctot ⁄ (1 	 (�FeL ⁄ �L)(AHBSC ⁄ AMBSC))

CHBSC 
 Ctot � Ctot(1 	 (�FeL ⁄ �L)(AHBSC ⁄ AMBSC))

Evaluation of the IR peak areas was accomplished using the
curve-fitting program PeakFit version 4 (SPSS Inc.). To eval-
uate the robustness of this procedure, three series of batch
experiments with similar total malonate concentrations of 0.6,
0.7, and 0.8 �mol/m2 covering a wide range of pH (2.5–8)
were used. The same fitting procedure was applied to all
spectra, and by comparing the obtained surface concentrations

Fig. 8. (a) ATR-FTIR spectrum of H2C3O4
2� (aq); (b) difference

spectrum obtained by subtracting spectrum Figure 6f (pH 2.8) from
spectrum Figure 6a (pH 7.6); (c) ATR-FTIR spectrum of
Fe(H2C3O4)�; and (d) difference spectrum obtained by subtracting

spectrum Figure 6a (pH 7.6) from spectrum Figure 6f (pH 2.8). The
subtraction procedure is described in the text.
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at each pH value and assuming that the surface speciation is not
affected by the slight variation in total ligand concentration, the
errors in HBSC/MBSC ratios were less than 5% up to pH
around 6.5. At higher pH, where very small amounts of mal-
onate adsorb, the uncertainty increased to �20% due to the
small peaks obtained.

Figure 9 shows the surface concentration of oxalate and
malonate as a function of pH at total ligand concentrations of
0.7 and 1.4 �mole/m2. At both ligand concentrations, the
amounts of adsorbed oxalate and malonate are rather constant
in the pH 3 to 5.5 range. With further increasing pH, the surface
concentration decreases rapidly, and when pH approaches the
isoelectric point (IEP) of goethite (� 9.4), the surface concen-
trations become negligible (Hiemstra et al., 1996). Between pH
6 and 8.5, the adsorbed amounts for both ligands are very

Fig. 9. Surface concentration on goethite as a function of pH at total
oxalate concentrations 0.7 �mol/m2 (□) and 1.4 �mol/m2 (�), and
total malonate concentrations of 0.7 �mol/m2 (�) and 1.4 �mol/m2

(‘).
Fig. 10. Surface concentrations of oxalate MBSC (�), oxalate H
as a function of pH at total oxalate and malonate concentrations
similar. At low pH, however, the adsorption curves differ,
especially at high total concentrations where significantly more
oxalate is adsorbed. This implies an overall stronger oxalate-
surface interaction in the acidic pH range.

When the total surface concentrations are recalculated into
the individual fractions of HBSC and MBSC, additional details
are revealed that explain the difference in adsorption behavior
between oxalate and malonate (Fig. 10). The most significant
results are the increased importance of HBSC for malonate and
MBSC for oxalate. By comparing Figures 9 and 10, it follows
that the enhancement of oxalate adsorption is due to the for-
mation of MBSC. Based on the structural assignments of
MBSC of oxalate and malonate, we can ascribe this stability
increase to the five-membered ring structure of oxalate. Thus,
the trend in MBSC stabilities with ring structure seems to
follow that of solution complexes (Smith and Martell, 1982).

Finally, it is of interest to compare the HBSC/MBSC ratios
as a function of pH and total ligand concentration. These ratios
also reveal significant differences between the oxalate and
malonate systems (Fig. 11). While the oxalate ratios show pH
and concentration dependence, the HBSC/MBSC ratios of ma-
lonate at 0.7 and 1.4 �mol/m2 total concentrations are very
similar (Fig. 11). Thus, within this concentration interval, the
malonate HBSC/MBSC ratio does not seem sensitive to the
total amount of malonate adsorbed.

4. CONCLUSIONS

The results presented herein show that oxalate and malonate
both form outer-sphere and inner-sphere surface complexes on
goethite, and that these complexes coexist over a broad pH
range. Hence, even though these are comparatively strong
complex-forming ligands in aqueous solution, outer-sphere
species need to be considered in their surface complexation
reactions. The inner-sphere complexes are favored by low pH,
while the relative concentrations of the outer-sphere species
increase with increasing pH. Based on comparisons with well-
characterized model complexes and results from theoretical
frequency calculations, the inner-sphere complexes of oxalate
and malonate are assigned mononuclear five- and six-mem-

□
BSC ( ), malonate MBSC (‘), and malonate HBSC (�)
of (a) 1.4 �mol/m2 and (b) 0.7 �mol/m2.
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bered ring chelate structures, respectively. The stability of the
inner-sphere complexes follows the trend expected from stud-
ies of aqueous oxalate and malonate iron(III) complexes with
the five-membered ring yielding the more stable complexes.
The increased stability of the inner-sphere complex of oxalate
is manifested in a greater extent of adsorption at acidic pH
values. As no significant increase in soluble Fe was observed,
an important conclusion from this study is that formation of
oxalate and malonate inner-sphere complexes do not necessar-
ily promote a fast dissolution of goethite. At the experimental
conditions used, these inner-sphere surface complexes are in-
dicated to be stable with respect to dissolution and formation of
soluble iron(III)-ligand complexes.
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