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a b s t r a c t

Identifying the mechanisms by which P is bound to soils and soil constituents is ultimately important as
they provide information on the stability of bound species and their reactivity in the environment. EXAFS
studies were carried out to provide information on how the local chemical environment of sorbed P
changes as an effect of pH and time. Goethite was reacted with orthophosphate at a P concentration of
0.8 mmol L�1 P at pH 3.0, 4.5 and 6.0. The residence time effect on the mechanisms of P sorption on goe-
thite was also evaluated for two different reaction times, 5 and 18 days, on goethite suspensions reacted
at pH 4.5. The objective of this study was to understand how P sorption mechanisms change over a wide
pH range when subjected to P concentrations above the P saturation ratio of goethite. Phosphorus K-edge
EXAFS spectra were collected at 2150 eV in fluorescence mode and the structural parameters were
obtained through the fits of sorption data using Artemis. The monodentate surface complex was shown
to be the predominant mechanism by which P sorbs at the goethite surface under the experimental con-
ditions. The lack of a discrete Fe–P shell and the presence of highly disordered structures, particularly, at
R-space P3.5 suggested the formation of P surface precipitates at the goethite/water interface.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction has the highest P sorption capacity (�2.5 lmol m�2, [7,9]) among
The reactions controlling the fate of oxyanion sorption in soils
and soil components are intrinsically dependent upon the interac-
tion between the sorbate species and the sorbent surface, e.g.,
phosphate (P) and goethite, respectively, and on the pH of the
medium and reaction time. This is because pH and contact time
between these two entities have a profound effect on the molecu-
lar arrangement of the structures formed [1,2], which will, eventu-
ally, determine the bioavailability, transport potential and cycling
of chemicals in soils [3–5].

Phosphate, an essential plant nutrient and major culprit of
eutrophication in fresh waters, is predominantly sorbed in soils
by amorphous and crystalline Fe and Al (hydr)oxides through sur-
face complexation or via formation of surface precipitates [6–8].
Goethite (a-FeOOH) is the most common Fe oxide in soils and
the crystalline Fe oxides.
From a macroscopic standpoint, the kinetics of P sorption on

goethite is well established, characterized by biphasic kinetics over
two time regions [9,10]: an initial rapid reaction followed by
slower uptake kinetics which has been attributed, among others,
to the formation of surface precipitates of insoluble phosphates
at the mineral surface [11] and surface complexation. The latter
includes the formation of bidentate binuclear (2C) and monoden-
tate mononuclear (1V) structures [12–17]. Several spectroscopic
techniques have been employed to address the sorption
mechanisms of P in soils and soil components, primarily, vibra-
tional spectroscopies, particularly IR. This is because the spectral
information garnered from this technique represents a fingerprint
of the molecular arrangement of a solid with absorption peaks
corresponding to the frequencies of vibrations between the bonds
of the atoms making up the material being analyzed.

In spite of the versatility of this technique, IR has some limita-
tions in terms of data interpretation caused by the lack of accuracy
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in determining the exact identity of surface structures that is due
to the reliance of molecular assignments on the analytical
approach employed [18].

Unlike IR, Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy offers relatively more straightforward information
on coordination number, type of nearest neighbors and their
distances to the absorbing atom [1,2,4,22]. In addition, it can pro-
vide a thorough depiction of interfacial reactions involved in the
transition of the surface structures arising at the surface of the
solid [19,20].

In light of the great advantages of EXAFS over other
spectroscopic techniques, which often require drying and high vac-
uum, EXAFS spectroscopy has been among the most prominent
techniques for studies on the partitioning of heavy metals ions at
mineral/water interfaces [21,22]. EXAFS has been widely used in
studies on the surface complexation of environmentally relevant
elements formed at mineral oxide surfaces and is an effective tech-
nique for conducting in situ studies addressing, among others, the
residence time [1,2,4,23,24] effects on the formation of and differ-
entiation between sorption complexes and surface precipitates.

The environmental conditions at which a certain surface com-
plex is formed have been a matter of debate in spite of the count-
less number of studies addressing this topic. In order to assist in
our discussion throughout this paper, we provide a list of relevant
studies on P sorption mechanisms formed at mineral (hydr)oxides
surfaces (see Table 1). Based on available literature on this topic,
overall, both monodentate and bidentate bonding configurations
are formed across a wide pH range (from 3 to approximately 13).
With the exception of studies by [14,16,25], one can postulate that
a monodentate bonding configuration occurs predominately at
higher pHs. On the basis of IR analysis, and as pointed out by Li
et al. [26], this could be an artifact due to the protonation state
of sorbed P at low pHs, which affects the symmetry of P surface
complexes and leads to band splitting. This, consequently,
represents a limitation of the IR technique. Persson et al. [14], how-
ever, employed ex situ FTIR on dried goethite and, as the authors
Table 1
Relevant studies on the P sorption mechanisms formed at mineral (hydr)oxide surfaces u

Surface complex Technique pH

Monodentate CIR-FTIR 6–8.4
ATR-FTIR 3–13

>8.5
7

MO/DFT �12.8
Low pH

NMR 3–11

Bidentate ex situ IR 4 and 10
in situ IR 3.6–5.1
CIR-FTIR <6
ART-FTIR 3–8.6

4–7.5
4.5–9
<7
4.5–9

MO/DFT 4–6
High pH

NMR 4–10
4.5–9
3–11
3–11

XANES 6
XPS 3–13

Surface precipitates and undetermined
inner-sphere bonding configuration

ATR-FTIR 3.3
NMR 4–11

5
4–8.5
3–11
3.5–8.5
themselves indicate, those two factors may have contributed to
significant shifts in band positions, which may have caused
inappropriate molecular assignments. Kim & Kirkpatrick [25] also
performed their 31P NMR experiments with vacuum-filtered and
oven-dried samples. In order to rule out the possible effects that
drying could have had on the bonding configuration of P formed
on the solid, the authors collected spectra from an undried c-
Al2O3 sample reacted with 0.1 M KH2PO4 at pH 5. The relatively
high P concentration, at which the undried c-Al2O3 reference
sample was prepared, could have favored the formation of the
monodentate configuration and may have led to the observation
of precipitates, even at the lowest P concentrations (10�4 mol P).
In the work by Rahnemaie et al. [16], MO/DFT calculations were
performed to examine the presence of monodentate complexes
at low pH without considering the presence of bidentate surface
complexes, and that may be the reason why the monodentate com-
plex was predicted under such conditions.

In terms of a bidentate bonding configuration, there seems to
exist even more controversy surrounding the conditions at which
the formation of such complexes is favored. However, it is believed,
based on available literature, that orthophosphate forms only one
type of bidentate configuration with (hydr)oxide surfaces, namely
corner-sharing or bidentate binuclear (2C) complexation.

The objective of this study was to examine via EXAFS
spectroscopy the pH and the residence time effects on P surface
complexes formed at the goethite/water interface across a wide
pH range and at P concentrations commonly found in soils where
P is present in relatively high concentrations, such as in heavily
fertilized agricultural soils.

2. Material & methods

2.1. Mineral synthesis

Goethite was synthesized according to Schwertmann & Cornell
[39] and is described in detail in [19,20].
sing MO/DFT and ATR-FTIR, CIR-FTIR, NMR and XANES spectroscopies.

Sorbent Reference

Goethite Tejedor-Tejedor & Anderson [13]
Goethite Persson et al. [14]
Hematite Elzinga & Sparks [32]
Akaganeite Deliyanni et al., 2007 [46]
Iron oxides Kwon & Kubicki, 2004 [35]
Goethite Rahmenaie et al. [16]
Boehmite, c-Al2O3 Kim & Kirkpatrick [25]

Goethite, hematite, lepidocrocite Parfitt et al. [29]
Goethite Parfitt & Atkinson [30]
Goethite Tejedor-Tejedor & Anderson [13]
TiO2 Connor & McQuillan [44]
Ferrihydrite Arai & Sparks [42]
Goethite Luengo et al. [15]
Hematite Elzinga & Sparks [31]
Nano ferrihydrite Antelo et al. [41]
Iron oxides Kwon & Kubicki [35]
Goethite Rahnemaie et al. [16]
Boehmite Li et al. [26]
TiO2 Kang et al. [48]
Goethite, akaganeite, lepidocrocite Kim et al. [17]
a-Al2O3 Li et al. [50]
Ferrihydrite Khare et al. [49]
Goethite Martin & Smart [52]

Corundum Del Nero et al. [45]
Boehmite Bleam et al. [43]
Non-xl Al(OH)3 Lookmann et al. [51]
c-Al2O3 Johnson et al. [47]
Boehmite, c-Al2O3 Kim & Kirkpatrick [25]
Kaolinite, gibbsite Van Emmerick et al. [53]
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2.2. Sorption experiments

Goethite was spiked with orthophosphate at a P concentration
of 0.8 mM L�1, which is a P concentration equivalent to four times
the sorption saturation capacity of goethite (�2.5 lmol m�2, [7,9])
to effect monolayer coverage. Goethite suspensions were reacted
with P at the above-mentioned concentration across a wide range
of pH, namely 3.0, 4.5 and 6.0. Goethite suspensions at pH 4.5 were
also reacted for two different reaction times, 5 and 18 days.

Centrifuge tubes containing stock goethite suspensions of
20 g L�1 were placed in a rotating shaker set at 30 rpm at 298 K
and equilibrated in 50 mmol L�1 KCl with pH adjusted to either
3.0, 4.5 or 6.0 for 36 h prior to phosphate addition. The pH in the
suspensions was monitored throughout the shaking period and
adjusted to the target pH as needed. Thereafter, an aliquot of the
suspension was transferred to a new centrifuge tube to yield a
goethite suspension of 2 g L�1, and phosphate solution to yield a
P concentration of 0.8 mmol L�1 was added. At the end of the
agitation period, 5 mL aliquots from each tube were sampled for
analysis as described in the following section.

2.3. EXAFS sample preparation and analysis

After sampling, each sample was immediately filtered to pass
through a 0.22 lm nitrocellulose membrane filter and washed
three times with 3 mL of pH adjusted 50 mmol L�1 KCl to remove
any entrained phosphate not associated with the surface. The cel-
lulose membrane filter containing the mineral paste was sealed
with polypropylene XRF thin film (Ultralene�) and stored moist
in a sealed sample box at 6 �C until analysis. Phosphorus K-edge
spectra (2150 eV) were collected at beamline SXS at the Brazilian
Synchrotron Light Laboratory (LNLS), in Campinas – Brazil, and at
Beamline X15B at the National Synchrotron Light Source (NSLS)
in Upton, NY – USA. At SXS, EXAFS spectra were collected in fluo-
rescence mode using a silicon drift detector. The beamline was
equipped with a monochromator consisting of double crystal Si
(111) and the electron storage ring was operated at 1.37 GeV with
a current range of about 110–300 mA [27]. In order to reject
higher-order harmonics, one of the monochromator crystals was
detuned 45% with respect to the other crystal. At X15B, spectra
were collected in fluorescence mode with samples mounted at
45� to the incident beam, using a liquid-nitrogen-cooled Canberra
Ultra-Low-Energy Germanium detector positioned at 90�. X15B
beamline optics consist of a collimating and harmonic-rejection
mirror, a monochromator utilizing Si (111) crystals to tune energy,
and a focusing mirror to gather approximately 5 � 1011 pho-
tons s�1 into a 1-mm spot at the sample position. The fluorescence
signal was normalized to incident beam intensity as measured
using a windowless ionization chamber. At either beamlines,
EXAFS spectra were collected at photon energies between 2100
and 2800 eV with a minimum step size of 0.1 eV between 2100
and 2155 eV and larger step sizes varying from 0.75 to 6 between
2175 and 2800 eV. Thirteen to eighteen individual spectra were
averaged followed by subtraction of the background absorbance
through the pre-edge region using the Autobk algorithm [28].

2.3.1. EXAFS data analysis
The averaged spectra were normalized to an atomic absorption

of one, and the EXAFS signal was extracted from the raw data using
linear pre-edge and a quadratic spline post-edge. The data were
converted from energy to photoelectron momentum (k-space)
and k-weighted by k2. EXAFS spectra were calculated over a typical
k-space range with a Hanning window and 0.5 width Gaussian
wings. Fourier transforms (FT) of the k2-weighted EXAFS were cal-
culated over a k-range between 10.3 and 10.6 and performed to
obtain the R-space. Structural information was obtained by fitting
Fourier transformed EXAFS data with ARTEMIS [40]. The FT of the
EXAFS was fit with the predicted function by varying the number
of coordinating atoms (CN), their distance (DR), mean square
displacement (d2) and passive electron reduction factor (S0

2) in
order to obtain the best fit between the experimental and
predicted spectra.

A more detailed description of the fitting and data analysis can
be found in Abdala et al. [20].
3. Results & discussion

Studies addressing P sorption mechanisms on Fe and Al
(hydr)oxides, particularly on goethite, have resulted in countless
conflicting interpretations of binding mechanisms. It is not unusual
to find studies indicating that bidentate and monodentate configu-
rations have been assigned to the formation of a phosphate surface
complex under similar experimental conditions (Table 1).

Previous studies employing spectroscopic techniques to charac-
terize phosphate surface complexes forming on (hydr)oxide min-
eral surfaces include MO/DFT, ATR-FTIR, CIR-FTIR, NMR and
XANES spectroscopies. Unlike the above-mentioned spectroscopic
techniques, EXAFS analysis is able to provide detailed information
on the local coordination environment of an atom, such as
interatomic distances, identity of nearest neighbors and coordina-
tion numbers. The discussion that follows will be focused on the
orthophosphate bonding configurations on the basis of interatomic
distances and coordination numbers found within our orthophos-
phate/goethite systems.

3.1. P-EXAFS spectra

Fig. 1 shows the Fourier Transform of experimental v(k) spectra
of goethite spiked with P at a P concentration of 0.8 mmol L�1 at pH
3.0, 4.5 and 6.0. Fig. 2 shows the Fourier Transform of experimental
v(k) spectra of goethite spiked with P at pH 4.5 at 5 and 18 days
reaction time. Figs. 3 and 4 show the experimental v(k) spectra
and corresponding best fit of goethite spiked with P at a P concen-
tration of 0.8 mmol L�1 at pH 3.0, 4.5 and 6.0 and of goethite spiked
with P at pH 4.5 at 5 and 18 days reaction time, respectively. The
peaks shown in the experimental v(k) spectra correspond to the
coordination shells formed between P–O and P–Fe and reflect the
interatomic distances within the material. For all samples, the E0

ranged from 0.79 to 3.6 eV. The contributions of O were localized
at P–O distances ranging from 1.51 to 1.54, being longer at the low-
est pH, 1.54 Å, intermediate at pH 4.5, 1.53 Å, and shorter at pH 6.0,
1.51 Å, and MS dominated at �2.75–2.79 Å. The P–Fe shells
indicated the existence of two predominant bonding configura-
tions between P and the goethite surface, bidentate binuclear
and monodentate mononuclear (see Figs. 2–4).

3.2. Overall formation of P surface complexes at the goethite/water
interface

Two different phosphate surface complexes were identified at
the goethite/water interface at the experimental conditions
investigated, namely bidentate binuclear (2C) and monodentate
mononuclear (1V) surface complexes. Additionally, analyses of
the Fourier transforms of sorption data suggests that surface pre-
cipitates were also present across all samples analyzed in our
study.

The shortest P–Fe distances of 3.23, 3.27 and 3.26 Å were char-
acteristic of a bidentate binuclear configuration between P and Fe
across the pH range in our study, 3.0, 4.5 and 6.0, respectively. The
most distant shells, occurring at �3.59, 3.53 and 3.58 Å were indic-
ative of a monodentate configuration between P and Fe. Table 2



Fig. 1. Fourier transformed spectra of experimental (solid line) and best fit (dashed
line) of the phosphate surface complexes formed at the goethite/water interface at
pH 3.0, 4.5 and 6.0. A change in spectrum shape (R-space) as a result of increasing
pH from pH 3.0 to 6.0 indicates that the phosphate surface speciation is sensitive to
pH. Braces are intended to show the approximate region where the P–O, MS and P–
Fe shells most significantly contribute in radial distance in the Fourier transformed
spectra.

Fig. 2. Fourier transformed spectra of experimental (solid line) and best fit (dashed
line) of the phosphate surface complexes formed at the goethite/water interface at
pH 4.5 at 5 and 18 days reaction time. Braces are intended to show the approximate
region where the P–O, MS and P–Fe shells most significantly contribute in radial
distance in the Fourier transformed spectra.

Fig. 3. Experimental (solid line) and best-fit (dashed line) k2-weighted back
transformed spectra of phosphate sorbed on goethite at pH 3.0, 4.5 and 6.0.

Fig. 4. Experimental (solid line) and best-fit (dashed line) k2-weighted back
transformed spectra of phosphate sorbed on goethite at pH 4.5 at 5 and 18 days
reaction time.
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shows the, P–O and P–Fe bonding distances and corresponding P
sorption mechanisms across the pH range in our study. In terms
of reaction time effects on P bonding configurations, no changes
in the predominance of a surface complex over another were
observed. However, our results showed that aging had a rather
pronounced effect on bond lengths, suggesting that longer contact
times favor shorter bond lengths, as evidenced by a shorter P–O
bond at goethite reacted for 18 days, 1.51 Å, in comparison with
a longer P–O bond of 1.53 Å for goethite reacted with orthophos-
phate for 5 days. On the basis of P–Fe bond lengths, residence time
showed an even more significant effect on bond lengths, shorten-
ing P–Fe distances by as much as 0.7 Å on both surface complexes
(Table 3).
3.3. Adsorption complexes

As indicated in Table 2, our results show that bidentate and
monodentate surface complexes were present in all samples
regardless of pH and reaction times. However, as indicated by
the amp (S0

2) values, a higher contribution of monodentate config-
uration was experienced at lower pHs that progressively decreased
as pH increased from 3.0 to 6.0. The bidentate configuration was a
minor contribution in the R-space, however, a bidentate path
improved the fits significantly. This seems consistent with the lit-
erature that indicated that low surface coverages favor the forma-
tion of bidentate surface complexes [13,16,25,29,30,12,31] and
that the relative importance of bidentate binuclear species
decreases as surface loading increases such that a monodentate
configuration would predominate at higher surface loadings
[13,16]. Antelo et al. [32,33], on the basis of ATR-FTIR, have
observed that P adsorbs mainly as bidentate complexes at high
phosphate loadings and that monodentate surface complexes
begin to be important at low phosphate loadings and at high
pHs. This was ascribed to bidentate species locating more charge



Table 2
P–O and P–Fe bonding distances, surface complex distribution and corresponding bonding configurations of P on goethite at three different pHs.

pH P–O P–Fe

R r2 S0
2 Bidentate Monodentate

R r2 S0
2 R r2 S0

2

Å Å Å

3.0 1.54 0.0014 0.79 3.23 0.01 0.38 3.59 0.0014 1.04
(±0.004) (±0.0007) (±0.045) (±0.07) (±0.006) (±0.04) (±0.03) (±0.004) (±0.25)

4.5 1.53 0.0018 0.75 3.27 0.0012 0.16 3.53 0.0053 0.76
(±0.005) (±0.0007) (±0.045) (±0.06) (±0.008) (±0.015) (±0.04) (±0.007) (±0.33)

6.0 1.51 0.0001 0.85 3.26 0.008 0.26 3.58 0.004 0.72
(±0.007) (±0.0001) (±0.07) (±0.06) (±0.03) (±0.03) (±0.09) (±0.01) (±0.21)

R: radial structure function (RSF); r2: mean square displacement, S0
2: passive electron reduction factor, (): uncertainties associated with parameter estimates.

Table 3
P–O and P–Fe bonding distances, surface complex distribution and corresponding bonding configurations of P on goethite at two different reaction times.

Reaction time P–O P–Fe

R r2 S0
2 Bidentate Monodentate

R r2 S0
2 R r2 S0

2

Days Å Å Å

5 1.51 0.0004 0.92 3.30 0.0002 0.30 3.6 0.003 1.04
(±0.004) (±0.0009) (±0.054) (±0.05) (±0.005) (±0.12) (±0.04) (±0.002) (±0.31)

18 1.53 0.0018 0.75 3.27 0.0012 0.16 3.53 0.0053 0.76
(±0.005) (±0.0007) (±0.045) (±0.06) (±0.008) (±0.015) (±0.04) (±0.007) (±0.33)

R: radial structure function (RSF); r2: mean square displacement, S0
2: passive electron reduction factor, (): uncertainties associated with parameter estimates.
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at the surface than monodentate species, producing a lower elec-
trostatic repulsion between the adsorbed species in the 1-plane.
Interestingly, the observation of [32,33] is consistent with the
behavior of arsenic in its pentavalent form (As(V)), an analog of
phosphate, having similar chemical and geometric properties,
and present as the ionic species, H2AsO4

� and H2PO4
�, respectively,

at the typical pH range in the environment.
3.3.1. Bidentate binuclear configuration
A bidentate binuclear configuration (2C) of phosphate on

(hydr)oxides has been shown in the literature to exist over a wide
range of pH (Table 1 in Abdala et al. [20]). In this study, the 2C sur-
face complex was present, although at different proportions, across
the entire pH range in the study. As discussed in Abdala et al. [20],
a bidentate configuration should be expected to predominate at
lower surface coverages as that configuration should be favored
when the Fe/P ratio is smaller than unity. It follows that at low P
concentration, the sorption sites compete with the PO4 molecules
at the same strength such that one PO4 molecule must equally sat-
isfy as many sorption sites as possible. Therefore, 2C forms first and
because it is strongly bound to high affinity sorption sites, it has a
large thermodynamic stability, thus remaining associated with the
surface even as solution P concentration increases. The higher pro-
portion of a 2C configuration was found to be in good agreement
with the proposal by [34] that at low pHs, a higher positive surface
charge induces a higher adsorption capacity for anions like phos-
phate, because more negative charge can be brought to the surface
for a given change in electrostatic potential.

Table 3 shows the surface complex distribution as a function of
pH.
3.3.2. Monodentate configuration
Overall, our results showed that a monodentate species is dom-

inant over a broad pH range and high surface loadings whereas a
bidentate species is particularly important at low pHs.
Our results were in good agreement with the relatively few
spectroscopic studies that have reported P being attached to
(hydr)oxide surfaces in a monodentate (1V) configuration (Table 1).
The studies in which a 1V configuration has been observed were, in
general, carried out employing P concentrations at relatively high
surface coverages [13,31]. Residence time had a marked effect on
bond lengths, with a P–Fe distance of 3.59 Å for goethite reacted
for 5 days and 3.53 Å when reaction time was extended to 18 days.

Whereas the P–Fe distances for bidentate binuclear configura-
tion are in good agreement with the work by Rahnemaie et al.
[16], who found P–Fe distances varying between 3.22 and 3.26 Å,
the P–Fe distance for a monodentate configuration observed in
our study was much larger, varying from 3.53 to 3.59 Å. However,
they are in agreement with the calculations performed by Kwon &
Kubicki [35], who found P–Fe bond distances generally longer for
either configuration, if a P170� angle is formed by P–O–Fe, sug-
gesting a P–Fe bond distance of around 3.6 Å. EXAFS studies indi-
cate that for As(V) these distances are generally in the order of
3.57–3.63 Å [36,22]. Since P is a much lighter element than As, it
is possible that the repulsion of P by the Fe atoms tend to maintain
P as farther apart from Fe as possible, thus P–O–Fe forms preferen-
tially a linear structure when a monodentate configuration is
formed. Alternatively, the Fe–O bond distance may also be influ-
enced by repulsion and, accordingly, resulting in a longer total
Fe–P distance.
3.4. Surface precipitate formation

The transition point from adsorption (or monolayer surface cov-
erage) to precipitation (multilayer coverage or the formation of a
separate phase) is not clearly defined [37]. Torrent et al. [9] esti-
mated that, for monolayer coverage, the maximum P adsorption
at the goethite surface should be 5 lmol m�2 for mononuclear
bonding or 2.5 lmol m�2 for binuclear bonding. On the basis of
their calculation, surface precipitates should have been observed
at the two highest P loadings in our study. According to Dzombak
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& Morel [38], the dissolution of iron from the mineral (hydr)oxide
is a limiting factor for surface precipitation to occur, since surface
precipitates are formed at the expense of dissolved material from
the adsorbent surface. This might be the reason for the small
degree of surface precipitation observed, given the relatively high
phosphate loading employed in this study.

We observed surface precipitates in our study based on calcula-
tions performed to the overall amplitude and the individual frac-
tions of P in each bonding configuration, in which we considered
the relative distribution of monodentate and bidentate binuclear
surface complexes. Additionally, the presence of some modulation
of short-range ordered structure, appearing at high R-space values
(P3.5 Å), associated with the lack of a discrete Fe shell, was inter-
preted as an indication of the formation of highly disordered sur-
face precipitate structures.

3.5. Environmental implications of our findings

The establishment of environmentally sound P management
practices relies on the identification of soil P retention and release
mechanisms. Molecular descriptions of phosphate retained on
mineral surfaces is important because they allow one to precisely
model the P sorption process, to determine the stability of the sur-
face complex being formed and, ultimately, to predict the fate of P
in the environment. Observations in this study show that the local
coordination environment of P is sensitive to changes in soil pH
and reaction time, lending further evidence that at lower pHs, P
is more tightly retained by goethite via a bidentate bridging sur-
face complex, exhibiting the shortest bond lengths at the lowest
pH studied and that bond lengths progressively increase as an
increase in pH occurs. These findings corroborate macroscopic
observations that in more acidic soils P availability is limited, pre-
sumably due to energetic constraints imparted by the formation of
a more thermodynamically stable surface complex even at high P
surface loadings, exceeding monolayer formation (0.8 lmol m�2).
On the other hand, a monodentate configuration would be the pre-
dominant surface complex at higher pHs, particularly at higher P
loadings [20]. Therefore, in a typical agricultural scenario, where
soils are consecutively fertilized with P, whether in organic forms,
e.g., manures, or in inorganic forms, e.g., mineral fertilizers, soil pH
is generally raised due to liming for crop cultivation and, under
such circumstances, the higher pHs may favor the release of P
[54]. In addition, our observations suggest that P loss potential
should be greater following fertilization and, as time proceeds,
attenuation in P loss should be expected as a result of longer con-
tact between P and the soil mineral surfaces.

3.6. Final remarks and scientific achievements obtained in this study

We have successfully showed the applicability of EXAFS spec-
troscopy to shed light on the mechanisms by which P sorbs onto
goethite across a wide pH range, relatively high surface loadings
and reaction times.

Accordingly, the monodentate complex was observed across the
entire pH range in the study, indicating that pH does not seem to
play a major role in surface complexation under the experimental
conditions in which this study was carried out. The bidentate binu-
clear surface complex was also observed, particularly at lower pHs.
It is important to mention that while the EXAFS spectra are domi-
nated by monodentate bonding configuration, the presence of the
bidentate complex shows that, regardless of environmental condi-
tions, e.g., pH, surface loading and residence time, its formation is
thermodynamically favorable [20]. It is also important to note that,
even though the bidentate complex contribution is small, the dom-
inance of the monodentate complex signal in the EXAFS spectra
represents the ‘average’ local environment of P.
In general agreement with the literature on residence time
effects on P surface complexation, the P adsorption process took
place as part of two interconnected processes, a very fast initial
process, which seemed to take place in time-scales of minutes res-
olution or less, followed by a slower process that took place over
hours or even days [10,11,15]. Therefore, at the time-scale at which
our experiments were performed, one should not expect to observe
major changes in the surface complexes being formed other than
effects on bonding distances. However, residence time had an
effect on P–Fe distances, with longer exposure times resulting in
shorter P–Fe distances for both monodentate and bidentate surface
complexes. The shortening of P–Fe distances as reaction time
increases seems to reflect some sort of instability of both surface
complexes at short reaction times. The formation of shorter P–Fe
bond distances at extended reaction times suggest that both sur-
face complexes become more stable as they are located closer to
the surface. This suggests, therefore, that shorter exposure times
may favor a greater reversibility of phosphate.

The ubiquitous presence of some modulation of short-range
ordered structure, appearing at high R-space values (P3.5 Å) asso-
ciated with the lack of a discrete Fe shell could be an indication of
formation of highly disordered structures, such as surface
precipitates.

3.7. A synopsis on new concepts and a vision for future studies
employing EXAFS spectroscopy to study phosphorus reactions in
natural systems

Although very useful information can be obtained from P K-
edge XANES spectroscopy [49,55–58], analysis of P K-edge XANES
data provides limited information on the local atomic environment
of P [56]. Thus, P K-edge XANES is primarily used as a ‘‘fingerprint’’
technique [56–59]. Unlike P K-edge XANES, EXAFS analysis of P can
provide additional structural information on the local environment
of such an important element not only with respect to (i) its inter-
action with soil components, but also (ii) on the molecular assign-
ments of P in biological tissues and (iii) in the development of P
fertilizers, as it can allow one to observe the structural changes
in the P containing fertilizer products upon fertilizer dissolution.

Since EXAFS spectroscopy can provide direct observations on
the local environment of an element, many questions relative to
the bonding mechanisms of P in soils can now be gleaned via P-
EXAFS analysis. Below, we provide a group of studies on the chem-
istry of P in soils in which the use of P-EXAFS spectroscopy could
be advantageous.

Addressing P surface complexation in soils is undoubtedly the
greatest analytical barrier to overcome in using this technique to
study the chemistry of P in soils. This is because of the presence
of sulfur (S) in environmental samples, which makes it a drawback
to use P-EXAFS in natural soils. Small though it might be, the
appearance of a S K-edge at around 2470–2482 eV (depending on
the oxidation state of S present in the sample) impacts the collec-
tion of a useful P-EXAFS spectrum. However, as the present study
shows, P-EXAFS spectroscopy can effectively be employed in stud-
ies where model analogues of soil minerals are used to address
mechanistic aspects of the chemistry of soil P. Future microbeam
EXAFS facilities such as under development at NSLS-II 8-BM will
further enable isolation of more pure domains within heteroge-
neous soils.

Likewise, P-EXAFS studies can provide a more detailed and
straightforward understanding about the competitive sorption
aspects of widely known and environmentally relevant elements
that strongly competes with P in soils, such as Arsenic [60–62].
Similarly, P-EXAFS analysis will enable one to make direct observa-
tions on the effects of low-molecular-weight organic acids on P
sorption (and vice versa) in soils [63,64].
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Another application is the capability to examine the effects of
plant available extractant solutions on P surface complexes, with
particular emphasis on the desorption order of P upon interaction
with the extractant solution as well as on how the conformational
structure of P surface complexes changes following interaction
with extractants.

Improvements on our understanding on the partitioning of P in
artificial soils, obtained from mineral mixtures, might also be
achieved and will help us to determine the effect of a given extract-
ant solution on the desorption of a particular P species in sequen-
tial P chemical fractionation procedures.

The chemistry of organic phosphorus in soils, particularly with
respect to organic P reactions with organic and inorganic constitu-
ents present in the rhizosphere, may be better understood using P
EXAFS analysis.
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